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The property of the gametocide chemicals to in- 
duce nondehiscent anthers on cotton plants is utilized 
by plant breeders in the production of hybrid seed. 
Of equal importance to the plant physiologist is the 
utilization of this same property to determine the 
mechanism of nondehiscent anthers in naturally oc- 
curring cotton disorders. Acromania in short-staple 
and hollow-boll in long-staple cotton are two naturally 
occurring nondehiscent anther conditions in Arizona 
(5,10). 

Exogenous application of the sodium salts of two 
closely related chemicals, 2,3-dichloroisobutyric acid 
(FW-450) and 2,2-dichloropropionic acid (Dalapon), 
can induce gametocide responses in the treated plant. 
Eaton (4) was the first to report the selective game- 


tocide response, induction of male sterility, brought 
about by spray application of FW-450 to Empire 


cotton plants. King and Cheldelin (9) in yeast 
studies concluded that unchlorinated propionic acid 
competes with Beta-alanine and thus prevents cou- 
pling of pantothenic acid moieties within the yeast cell. 
Later Hilton, Jansen, and Gentner (8) found that 
the addition of Beta-alanine gave varying degrees of 
protection against the growth inhibitions brought 
about by the adding of FW-450 or Dalapon. In addi- 
tional studies, Hilton (6) found that FW-450 is un- 
coinpetitive with beta-alanine but competitive with 
pantoate for a site on the enzyme of pantothenate syn- 
thesis. Hilton, Ard, Jansen, and Gentner (7) found 
that FW-450, Dalapon, and other chloro-substituted 
aliphatic acids compete with pantoate for a site on the 
enzyme of pantothenate synthesis. Their data also 
indicated pantothenate does not completely offset the 
toxic action of Dalapon. A partial circumvention of 
Dalapon toxicity occurred by applying pantothenate 
and pantoate to Dalapon treated plants. 

Scott and Liverman (17) reported that adenine or 
compounds closely related to adenine were the final 
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products of the red-light-mediated reaction in leaf- 
disk expansion. The implication of adenine in the 
biochemistry of flowering was thus indicated since 
the action spectrum for promotion of etiolated-leaf 
disk expansion by red light (6,500 A) and for the re- 
versal of this promotive effect by far-red light (7350 
A) (11) is analogous to the one controlling flower- 
ing (14). 

The implication of pantothenic acid and adenine 
in the physiology of flowering prompted preliminary 
studies in which a carbohydrate deficiency was in- 
duced by dark-conditioning the plants. Initially the 
gametocide mechanism was investigated to determine 
the plant response to gametocide chemicals when 
ribose, a third constituent of coenzyme A, was, de- 
ficient (16). The structure ‘of coenzyme A is given 
in figure 1 for review. It is interesting to know that 
the plant response to gametocide chemicals is much 
more drastic when the plants are dark-conditioned 
(15,16) than when they are not. In attempts to 
elucidate still further the interaction of gametocide 
chemicals with coenzyme A precursor substances, 
carbon? labeled FW-450 was applied to dark-condi- 
tioned cotton. 

The data of McRae and Usdin (12) with radio- 
carbon-labeled FW-450 indicate that the radiocarbon 
moves from the leaves to the flowers, and is con- 
sistently higher in the anthers than in the ovules, and 
on a percentage by weight basis the C** activity 
was much greater in the anthers than in any other 
part of the flower. Preliminary studies of the writer 
with Dalapon also indicate a selective necrosis of re- 
productive tissues when Dalapon is applied to in- 
dividual plants on the lower leaf, terminal meristem, 
or the leaf above the first square. These same re- 
sults were obtained by applying FW-450. 

The present studies were undertaken to determine 
the effect of a dark-induced ribose deficiency on the 
chemically-induced gametocide response in long- and 
short-staple cotton plants. Radiological studies with 
carbon’! labeled FW-450 and with chlorine®® labeled 
Dalapon were carried out to determine their translo- 
cation and distribution, and if precursors of coenzyme 
A alter the distribution of these two gametocides. 
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COENZYME A 


Fic. 1. Coenzyme A_ structural formula illustrating composition and linkage of adenine-phosphorylated ribose- 
phosphate-phosphatepantothenic acid-beta-mercaptoethylamine. 


MATERIALS & METHODS 


Long-staple (Gossypium barbadense L., var. 
Pima S-1) and short-staple (Gossypium hirsutum L., 
var. Acala-44) cotton plants were grown in soil con- 
tained in 6-inch clay pots in the greenhouse. During 
the development of the first flower bud (approx. 3 
months from planting), the plants were selected for 
uniformity. 

On the plants to be treated, the first leaf above 
soil level was supported. A plastic ring 1.2 cm in 
diameter was cemented to its upper leaf surface with 
liquid agar applied just prior to solidification. This 
ring was used to provide uniform leaf-surface area 
and location for chemical absorption. The chemicals 
were applied to the center of this ring. The quanti- 
ties of chemical used were 500 mg, 250 mg. 500 ug, 
and 100 ug per plant of FW-450, Dalapon, p-ribose, 
and pantothenic acid, respectively, dissolved in 0.5 ml 
of distilled water per plant. The distilled water used 
in dissolving all chemicals contained 0.1 % Tween 20. 

Studies were carried out with radiocarbon-labeled 
FW-450 with a specific activity of 12.9 uc per mmole. 
The labeled C’* atom in the molecule was ad- 
jacent to the carboxyl group. Radiological studies 
were also carried out with radiochlorine labeled 
Dalapon with a specific activity of 12.5 uc per mmole. 
The labeled compounds were applied by the same 
method described for the non-radiological leaf ap- 
plications. 

For studies of chemicals applied to roots, the 
plants were grown in sand. The sand was carefully 
removed from one secondary root. The secondary 
root was then inserted into a vial containing the 
radioactive solution. The radioactivity applied per 
plant was approximately 0.5 uc. 

With both labeled chemicals, the plants were 
harvested by carefully washing the soil from the 
root tissue. Hypocotyl and stem tissues were cut 
into longitudinal strips in an attempt to compensate 
for differences in thickness of the plant tissues. The 
plants were dissected, lyophilized, and mounted on 
herbarium paper. No-screen X-ray film was tightly 
held against the mounted plant in a press for a 60-day 
exposure in darkness. The films were developed and 


contact prints made directly from the negatives (figs 
3-6) for study of the radioautograms produced. 

When the plants were dark-conditioned, these 
plants were transferred from the greenhouse to a 
dark-room for 2 days prior to chemical application. 
The plants were returned to the greenhouse for ob- 
servation of the gametocide response at the desired 
time intervals after chemical application. 

In experiments designed to study high relative 
humidity conditions during absorption, the plants 
were placed in a Mylar box. The base of this box 
contained water-saturated peat moss. A wire-mesh 
tray suspended at the top of the box also contained 
water-saturated peat moss. Immediately after iso- 
tope application, the box lid was placed over the plant 
and secured to the base of the box. Relative humidity 
values inside the box ranged from 94 to 97%. A 
48 % relative humidity in the laboratory room was 
utilized for the low-relative humidity treatment. 
The plants were removed from the high-humidity box 
after 24 hours. 


RESULTS 


GAMETOCIDE RESPONSE OF DARK-CONDITIONED 
PLANts: Thirty dark-conditioned short-staple plants 
were divided into three groups of ten plants each. 
The first group received FW-450 and the second 
Dalapon; and the third group of ten plants was not 
chemically treated. At 2-day intervals, one plant 
from each of the three groups was removed from the 
dark and returned to the greenhouse for observation, 
until the 20th day after chemical application. Three 
additional short-staple plants left in the light served 
as checks. The long-staple plants were treated in 
the same manner. 

The results from these studies indicate that the 
selective necrosis and gametocide responses of the re- 
productive tissues are increased from those of light- 
grown control plants under a dark-induced carbo- 
hydrate deficiency. These responses are not clearly 
related to the number of days (table I) the plants are 
dark-conditioned but appear to depend on the bio- 
chemical condition of the individual plant at the time 
gametocide chemicals are applied. 
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TABLE I 


RESPONSES OF CARBOHYDRATE-DEFICIENT COTTON TO 
GAMETOCIDE CHEMICALS 








PERIOD IN DARK BEFORE RESPONSE 
OBSERVED 


NECROSIS OF SQS. NECROSIS OF LEAVES 


COTTON STAPLE 
& CHEMICAL 
TREATMENT 


Days Days 
Short-staple 
Dalapon 8-20 12, 14, 18, 20 
FW-450 4-8, 12-16 2,4, 8-12 
None(control) 14, 20 
Long-staple 
Dalapon 2-10, 14-20 2, 6, 18 
FW-450 2-20 8-12 
None(centrol) 2, 12-20 20 


REVERSAL OF GAMETOCIDE Response: The in- 
creased number of nondehiscent anthers and the defi- 
nite increase in necrosis of reproductive tissues when 
the gametocide chemicals were applied to carbo- 
hydrate-deficient plants, prompted further experiments 
in which precursor compounds of coenzyme A were 
applied to carbohydrate-deficient plants. In these ex- 
periments, 36 short-staple plants were divided into 
4 groups of 9 plants each. One group remained in 
the greenhouse throughout the experimental period. 
The other three groups were dark-conditioned. One 
group of nine plants was removed 4 days after 
chemical application, another group after 8 days, 
and the last group after 16 days in darkness. Con- 
trols consisted of untreated plants from each dark 
group and one plant from the light group. The 
long-staple plants were treated in the same manner. 

Non-dark-conditioned plants treated with panto- 
thenic acid and p-ribose combined with either game- 
tocide chemical exhibited an enhanced growth re- 
The plants treated with either gametocide 
chemical alone did not have the enhanced growth 
response. Dark-conditioned plants treated with 
pantothenic acid and p-ribose combined with either 
gametocide chemical had minor differences in appear- 
ance from the controls. The long-staple plants shown 
in figure 2 are typical examples of the response ob- 
tained with gametocide chemicals and reversal chem- 
icals. After the plants were removed from the dark- 
room for observation in the greenhouse, the plants 
were allowed to develop to the first flower stage and 
the response to the gametocide was recorded. The 
data from these observations are summarized in table 
IT. 

The anthers of the flowers on the dark-conditioned 
long- and short-staple plants treated with either game- 
tocide chemical and pantothenic acid were non- 
dehiscent. The anthers on dark-conditioned plants 
treated with either gametocide chemical and panto- 
thenic acid were noticeably smaller and were much 
lighter in color than the controls. The anthers were 
dehiscent on the light-grown plants treated with 


sponse. 


pantothenic acid combined with either gametocide 
chemical. Adding b-ribose to dark-conditioned plants 
treated with either gametocide chemical and panto- 
thenic acid produced anthers normal in appearance 
and dehiscent. Combined applications of pantothenic 


acid and pb-ribose to plants treated with the gametocide 
chemicals, whether dark-conditioned or not, gave de- 
hiscent anthers. A number of exceptions to the 
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Fic. 2. Long-staple cotton plants illustrating the plant 
response to gametocide and gametocide reversal chemicals 
applied to the basal leaf of each plant. The dark-condi- 
tioned plants (pictures next to top of fig & bottom) were 
placed in the dark 2 days prior to chemical application. 
The pictures were taken 16 days after the dark-conditioned 
plants were treated. Each picture shows (left to right) 
the control plant not chemically treated, a plant treated 
with (500 mg) FW-450 or (250 mg) Dalapon, a plant 
treated with FW-450 or Dalapon plus (500 ug) p-ribose, 
a plant treated with FW-450 or Dalapon plus (100 ug) 
pantothenic acid, and a plant treated with FW-450 or 
Dalapon plus p-ribose and pantothenic acid. 
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cancelling of the gametocide response by application 
of pantothenic acid or D-ribose to plants treated with 
either gametocide chemical were observed. The fail- 
ure to cancel the gametocide response may be a re- 
flection of the tissue content of coenzyme A or its 
constituents at the time of treatment. The data sug- 
gest, therefore, that adding pantothenic acid alone or 
combined with p-ribose to plants treated with game- 
tocide chemicals partially or completely deletes the 
gametocide response. 


Root or LEAF APPLICATION OF GAMETOCIDE 
CHEMICALS: In an attempt to ascertain more infor- 
mation on the gametocide response induced by Dala- 
pon or FW-450, experiments were designed to deter- 
mine if the location of application would alter the 
distribution and translocation of the radioactive atoms 
in the labeled chemicals. The movement and dis- 
tribution of the labeled gametocides was estimated 
from the intensity of beta-ray emission recorded by 
radioautograms. 


The labeled Dalapon was applied to an apical leat 
on five plants, to the basal leaf on two, and to the 
roots on one. The plants were harvested 3. 4, 6, o1 
8 days after application. The labeled FW-450 was 
applied to the basal leaf and to the roots. The plants 
were harvested 1,10, and 30 days after application. 
The systemic distribution of both chemicals is more 
rapid, of longer duration, and more complete when 
the gametocide chemicals are applied to the roots. 
Basal-leaf application also gave a more complete and 
general distribution of intensity from beta-ray emis- 
sions than apical-leaf applications. Intense beta-ray 
emission was observed in root, stem, and portions of 
the leaf blade when the labeled gametocides were ap- 
plied to the basal leaf. 


LABELED GAMETOCIDES IN REPRODUCTIVE TISSUES: 
Investigations were carried out to ascertain the time 
required for translocation of the labeled gametocides 
into floral and boll tissues. The labeled FW-450 or 
Dalapon was applied to the leaf or roots of the plants. 


TABLE II 


lst-FLowER ANTHER DEHISCENCE IN COTTON 


AS INFLUENCED BY CHEMICAL & LiGnHt TREATMENT 








CoTToN sTAPLE & 


CHEMICAL TREATMENT 0 Days 
Short-staple 
None (control) 3 dehiscent 
FW-450 3 nondehiscent 
FW-450 + p-ribose 1 dehiscent 
2 nondehiscent 
FW-450 + pantothenic acid 2 dehiscent 
1 nondehiscent 
FW-450 + p-ribose & 3 dehiscent 
pantothenic acid 
Dalapon 3 nondehiscent 
Dalapon + p-ribose 3 nondehiscent 
Dalapon + pantothenic acid 3 dehiscent 
Dalapon + p-ribose & 3 dehiscent 
pantothenic acid 
Long-staple 
None (control) 3 dehiscent 
FW-450 1 dehiscent 
2 nondehiscent 
FW-450 + p-ribose 3 nondehiscent 
FW-450 + pantothenic acid 3 dehiscent 
FW-450 + p-ribose & 3 dehiscent 
pantothenic acid 
Dalapon 3 nondehiscent 
Dalapon + p-ribose 3 nondehiscent 
Dalapon + pantothenic acid 2 dehiscent 
1 nondehiscent 
Dalapon + p-ribose & 1 dehiscent 
pantothenic acid 2 nondehiscent 


FLORAL RESPONSE AFTER INDICATED PERIOD IN DARKNESS 


4 Days 16 Days 
3 dehiscent 3 dehiscent 
1 dehiscent* 1 nondehiscent 
1 nondehiscent 
3 nondehiscent 3 nondehiscent 
3 nondehiscent 3 nondehiscent 
3 dehiscent 3 dehiscent 
1 nondehiscent 2 nondehiscent 
3 nondehiscent 3 nondehiscent 
2 dehiscent 3 nondehiscent 
1 nondehiscent 
2 dehiscent 3 dehiscent 
3 dehiscent 3 dehiscent 
2 nondehiscent 1 nondehiscent 
3 nondehiscent 3 nondehiscent 
1 dehiscent 2 nondehiscent 
2 nondehiscent 
3 dehiscent 2 dehiscent 
1 nondehiscent 
2 nondehiscent 1 nondehiscent 
3 nondehiscent 3 nondehiscent 
3 nondehiscent 3 nondehiscent 
3 dehiscent 3 dehiscent 








* Where less than three flowers are indicated from the three separate experiments, the plants did not produce 
a flower in the period of observation or one or more of the plants died. 











B 
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TABLE III 


DISTRIBUTION OF LABELED GAMETOCIDES IN Pistit & ANDROECIUM TISSUES OF CoTTON FLOWERS 











DAYS FROM DALAPON-CI8® BETA-RAY FW-450-C!4 BrtA-RAY 
APPLICATION SITE APPLICATION EMISSION* ope EM ISSION* ma 
TO HARVEST PISTIL ANDROECIUM PIsTIL ANDROECIUM 
Basal leaf 1 aia ae faint faint 
3 intense medium 
6 intense medium ac Sag 
8 Seis ae medium medium 
14 re oar medium faint 
16 = iat medium faint 
37 a sae faint faint 
Apical leaf 2 intense faint medium faint 
3 intense medium medium faint 
4 medium faint medium faint 
6 medium intense medium faint 
Root 2 intense intense intense intense 
6 intense intense intense intense 











* Approximately 0.5 microcurie of radiation was applied per plant. 


Radioautograms were prepared as previously de- tense beta-ray emission in the pistil (table III) than 
scribed to ascertain the duration and location of the in the androecium tissue with the exception that the 
labeled chemicals within the floral and boll tissues. androecium had more activity than the pistil tissue 

Radioautogram data indicate the radiochlorine in on the flowers harvested 6 days after the labeled 
Dalapon moved rapidly to the essential reproductive Dalapon was applied. Faint activity was observed 
structures. Root application produced intense activity in pistil and androecium tissues of flowers harvested 
in both the pistil and androecium tissues. Labeled 1 day and 37 days after labeled FW-450 was applied 
Dalapon applied to the cotton leaf produced more in- to the basal leaf. Fourteen to sixteen days after 


C-cotyledon 


Fic. 3. Long-staple cotton plant treated with approximately 0.5 uc of labeled FW-450 applied to the first (true) 
basal leaf (C-1) after the plant was dark-conditioned 2 days. The plant was harvested 16 days after the chemical 
was applied. The contact print made from the radioautogram indicates the treated leaf, the leaf opposite the treated 
leaf (C-2), and the roots and hypocotyl (A) have an intense beta-ray emission. The beta-ray darkening also in- 
dicates traces of the isotope in the squares (buds) (IE), and cotyledon blade (C-cotyledon). The dried plant 
was exposed to X-ray film for 60 days. 
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Fic. 4. A long-staple cotton plant treated with approximately 0.5 wc of radiocarbon-labeled FW-450 and 100 ug 
of pantothenic acid. The plant was grown in the light and harvested 16 days after the chemicals were applied to 
the first (true) basal leaf. The dried plant was exposed to the X-ray film for 60 days. Beta rays from the labeled 
FW-450 are illustrated in root and hypocotyl! (A) and leaf petioles and blades (basal to apical, C-1, C-2, C-3, 
etc.). Intense emission is shown in slices of ovary tissue (L), bracts (G), and calyx tissue (H). 
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abeled FW-450 was applied to the basal leaf, the pistil 
had more activity than the androecium tissue. In- 
tense activity as indicated by beta-ray emission oc- 
curred in the bracts, calyx, and corolla tissues follow- 
ing application of the labeled gametocides. 

A medium general distribution of the labeled FW- 
450 was observed in the boll tissue 3 days after leaf 
application. Intense beta-ray darkening especially in 
the seeds and ovary wall (fig 4) was observed 16 
to 20 days from the time of basal-leaf application. 


Fic. 5. 


After 30 days, the label became faint in the boll tis- 
sues. Differences in translocation and distribution 
due to staple were not observed in these studies. 


REVERSAL OF GAMETOCIDE RESPONSE USING RapIo- 
CARBON-LABELED FW-450: The dramatic reversal of 
the enhanced gametocide response by applying coen- 
zyme A precursor compounds to plants with a reduced 
carbohydrate content indicated the desirability of in- 
corporating a radioisotope-labeled gametocide chem- 


A long-staple cotton plant treated with approximately 0.5 uc of radiocarbon-labeled FW-450, 500 ug 
D-ribose, and 100 wg pantothenic acid applied to the first (true) basal leaf. The plant was grown in the light and 
harvested 16 days after the chemicals were applied. The dried plants were exposed to X-ray film for 60 days. 
Beta rays from the labeled FW-450 produced the darkening illustrated in root hypocotyl (A), cotyledon (left of 
C-1), the treated leaf (C-1), leaf petiole and blades (basal to apical, C-1, C-2, C-3, etc.), ovary tissue slices (L), 
and bracts (G). 
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ical into the reversal system. With this label, the 
location of the gametocide chemical could be traced 


within the plant tissue and in addition any alteration. 


in location and distribution with the addition of co- 
enzyme A precursors could be ascertained. 

In these experiments 12 plants were dark-condi- 
tioned and 12 plants remained in the greenhouse. In 
each 12-plant group, 3 plants were treated with 
labeled FW-450 alone, 3 with the labeled chemical 
plus p-ribose, 3 with the labeled chemical plus panto- 
thenic acid, and 3 plants with the labeled chemical plus 
pantothenic acid and p-ribose. The plants were 
harvested 16 days after the chemicals were applied. 
Results from radioautograms consistently indicate that 
radiocarbon FW-450 applied alone to a dark- 
conditioned plant moves from the treated leaf into the 
root and remains there (fig 3). A general medium 
beta-ray emission occurred in all tissues when the 
radiochemical was applied to plants grown in the 
light. 

Adding p-ribose to radioactive plants in the light 
failed to alter the distribution pattern. Adding p- 
ribose to dark-conditioned radioactive plants produced 
a detectable darkening in the petioles, leaves, and 
stems. Intense darkening in the roots occurred. 

Adding pantothenic acid to light-grown radioactive 
plants produced an intense beta-ray darkening in the 
fruit (fig 4), medium leaf darkening, and a faint but 
detectable concentration in the roots. Pantothenic 
acid added to radioactive dark-grown plants resulted 
in a medium beta-ray emission in roots, a general 
medium emission in the stem and leaves, and an in- 
tense terminal-leaf vein emission. 

A general intense distribution in the entire plant 
(fig 5) occurs when pD-ribose and pantothenic acid are 
incorporated into radioactive plants in the light. 
Floral tissues exhibited a medium beta-ray darken- 
ing. When dark-conditioned plants are treated with 
labeled FW-450, the incorporation of pD-ribose and 
pantothenic acid into the plant tissue produces an in- 
tense beta-ray emission in the hypocotyl, floral, and 
leaf tissues. 


RELATIVE Humipity Factor IN GAMETOCIDE 
ApsorPTION: In an attempt to determine whether 
or not relative humidity conditions existing at the 
time of application are involved, the translocation of 
radiocarbon FW-450 was studied at a high (94— 
97%) & a low (48%) relative humidity. The 
radioactive gametocide was applied to the basal leaf 
as described earlier. The results from these radio- 
autograms do not reveal striking differences when the 
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Fic. 6. The floral tissues were harvested 3 days 
(above) and 6 days (below) after approximately 0.5 uc 
of Dalapon-Cl°* was applied to the first true basal leaf of 
each plant. The dried floral tissues were exposed to 
X-ray film for 60 days. The figure illustrates the emis- 





sion in the pedicel-receptacle (F), bracts (G), calyx 
(H), petals (1), pistil (J), and androecium (K) tissues. 
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radiochemical is applied at a high or a low relative 
humidity. 


DISCUSSION 


Perhaps the most universal interest in gametocide 
chemicals has been inspired by their potential applica- 
tion in the production of hybrid seed. The male- 
sterility response in plants may also be utilized to 
control other aspects of fruit and seed production. 
Basic to the overall picture is the acquisition of knowl- 
edge from the results of experimentation with game- 
tocide chemicals which will elucidate the basic mech- 
anism regulating anther dehiscence. 

The exact locations within the cotton plant for 
the biochemical reaction or interaction which regulate 
the control of anther dehiscence still are not known. 
Ii the detection of beta-rays which are emitted from 
the labeled-gametocide chemicals is used for this 
criteria, a number of tissues should be investigated 
in the future. The intense darkening on radioauto- 
grams in the root tissues labeled with Dalapon and 
FW-450 would indicate that these chemicals are active 
in this area. The leaf tissue as indicated in the radio- 
autograms offers another possible location for bio- 
chemical reactions. Certainly the intense accumula- 
tion of activity on portions of the leaf blades and 
petiole tissues indicates these are active tissues in this 
response. One interesting observation is that the 
root applications failed to accumulate intense concen- 
trations of either labeled gametocide in the leaf blade. 

As the radioautograms indicate, the beta-ray dark- 
ening in the pistil tissue is often more intense than 
in the androecium tissue. This is true for both labeled 
Dalapon and FW-450. The calyx tissue with both 
chemicals has also produced intense beta-ray emission. 
The presence of gametocide chemicals in the ovary 
wall and seeds of the fruit may influence later develop- 
ing flowers by retranslocation. 

The actual role of coenzyme A in the gametocide 
response in these preliminary studies is still specu- 
lative. The data, however, do strongly suggest that 
pantothenic acid or another energy-enriching product 
is required to offset the gametocide response. The 
necessity of D-ribose is suggested by the non-dehiscent 
anthers on dark-conditioned plants treated with the 
gametocide chemicals in combination with pantothenic 
acid. Foy (3) also found that translocation of Dala- 
pon to regions of high metabolic activity and/or 
storage was associated with and dependent upon the 
movement of food materials. p-Ribose appears to be 
necessary for development of normal appearing re- 
productive structures. The increased distribution of 
FW-450 from root tissues throughout a carbohydrate- 
deficient plant when p-ribose is added also indicates 
the need for carbohydrates in translocation of game- 
tocide chemieals. These results are diagrammatically 
summarized in figure 7. 

Crafts and Foy (2,3) suggest Dalapon moves 
readily in plants from treated leaves to roots and may, 
in addition, circulate in the plant. 
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Fic. 7. Photochemical control of anther dehiscence in 
the cotton plant is diagrammatically illustrated above. 


Blanchard, Muelder, and Smith (1) studied the 
stability of Dalapon in soybeans and corn to learn 
more about how this useful herbicide selectively con- 
trols grasses. Extraction of tissues from these plants 
revealed the presence of intact Dalapon but failed to 
reveal breakdown products of Dalapon. Blanchard 
et al. (1) obtained radioactivity throughout the treat- 
ed plant with a higher concentration of activity in the 
younger tissue. The increased distribution of labeled 
Dalapon in dark-conditioned plants when D-ribose or 
pantothenate are added suggests that these coenzyme 
A constituents could also be involved in the selective 
herbicidal and gametocidal properties of Dalapon. 
Foy (3) suggests that the key to the selective growth 
regulatory action of Dalapon resides in the proto- 
plasm. 

Dehiscence or nondehiscence of anthers does not 
necessarily indicate whether or not a plant is com- 
pletely sterile. Wit (18) using beets, observed that 
female fertility was only slightly influenced even by 
a high degree of male sterility. The results from the 
present studies are of interest, however, because they 
do indicate that the mechanisms of anther dehiscence 
may be controlled at will by application of pantothenic 
acid alone or combined with p-ribose. Moore (15) 
studied male and female fertility of tomato varieties 
treated with FW-450. Male sterility was studied by 
testing the viability of any pollen produced in game- 
tocide-treated plants by applying the pollen to emascu- 
lated flowers of untreated plants. Moore’s results 
indicate that complete male sterility is produced when 
appropriate concentrations of FW-450 are used. 
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In conclusion, the data from the present studies 
indicate that upward transport of the labeled gameto- 
cide in dark-conditioned plants is inhibited. Down- 
ward translocation from the treated leaf to the root 
tissues is not inhibited. Adding p-ribose to carbo- 
hydrate-deficient plants treated with the gametocide 
chemical definitely increased the upward transport of 
C'4, Although pantothenic acid addition also in- 
creased the distribution of C'* into the reproductive 
tissues, the addition of p-ribose with the pantothenic 
acid gave by far the greatest concentration of radio- 
carbon in reproductive tissue. 

The data are consistent with the hypothesis that 
gametocides compete with pantoate. This deletion 
results in a reduction of available pantothenic acid to 
be incorporated into the synthesis of coenzyme A. 
Since D-ribose is also a constituent of coenzyme A, a 
deficiency of D-ribose in combination with the applica- 
tion of gametocide chemicals further diminished the 
supply of coenzyme A in the same manner. Thus, 
as coenzyme A concentration increases by adding 


coenzyme A _ precursors, the gametocide effect 
decreases. 
SUMMARY 
Exogenous application of two closely related 


gametocide chemicals (2, 2-dichloropropionic acid, 
Dalapon; and 2,3-dichloroisobutyric acid, FW-450) 
to cotton plants induces nondehiscent anthers. Panto- 
thenic acid and p-ribose applied to the leaf of cotton 
plants treated with either gametocide chemical, re- 
verse the nondehiscent anther response. Dark- 
conditioned cotton plants exhibited an enhanced game- 
tocide response when the gametocide chemicals were 
applied to the leaf. 

An enhanced necrosis induced by treatment with 
gametocide chemicals applied to dark-grown cotton is 
reversed by application of pantothenic acid or D-ribose 
alone or in combination. 

The movement and distribution of radioactive 
gametocide chemicals were estimated from the in- 
tensity of beta-ray emissions recorded by radioauto- 
grams. Radioautograms of long-staple cotton plants 
treated with radiocarbon-labeled FW-450 indicate that 
dark conditioning inhibits upward transport of the 
radiocarbon. This inhibition was decreased by D- 
ribose application. Pantothenic acid alone or com- 
bined with D-ribose definitely enhanced the transloca- 
tion of the radiocarbon to reproductive tissues. 

When the labeled gametocides are applied to the 
leaf or secondary root of cotton plants, the systemic 
distribution of both gametocides is more rapid, of 
longer duration, and more complete when the game- 
tocides are applied to the secondary-root tissue. 
Basal-leaf application gave a more complete distribu- 
tion of the radioactive isotopes than apex-leaf ap- 
plication. 

The labeled gametocides are rapidly translocated 
to the floral and boll tissues. 

A high relative humidity during absorption or the 
cotton staple failed to produce significant differences 
in these studies. 
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A NOTE ON EFFICIENCY OF PHOTON 





ABSORPTION ? 


DAVID KAHN 


RIAs, 


The absorption of light in the photosynthetic pro- 
cess is generally believed to occur through the ex- 
citation of electrons in organic molecules to higher 
energy states thereby initiating a series of reactions. 
Recently an attempt has been made to fix the theo- 
retical minimum quantum requirement at a number 
higher than that needed to obey the conservation of 
energy (2,3). This argument rests on the applica- 
tion of the second law of thermodynamics to the 
photon absorption process. 

We wish to point out, however, that application 
of the second law of thermodynamics to the absorp- 
tion of a photon by an atom or molecule is not valid, 
owing to the unique nature of such an interaction. 
Since the photon does not actually interact weakly 
with a large number of atoms or molecules but inter- 
acts strongly with only one atom or molecule in the 
case of absorption; those thermodynamic concepts 
which have been developed for a statistical descrip- 
tion of systems having many degrees of freedom can- 
not be applied to such a single, isolated quantum in- 
teraction (1). 

The attempt to introduce second law arguments 
into the treatment of photon absorption is further 
complicated by the discussion of the temperature of an 
incoming photon beam with a prescribed energy dis- 
tribution. Although it is perfectly proper to speak 
of the temperature of a gas of photons of various 
energies distributed according to Planck’s formula in 
radiative equilibrium with the walls of the cavity con- 
taining them (the so-called black body) ; the tempera- 
ture of a single photon of a certain wavelength or of 
a beam of photons of a certain wavelength or wave- 
length range is not a definable quantity. One may 
define a temperature for such a beam in some arbi- 
trary way, but this temperature will vary with the 
definition and is not really a measure of any physical 
property of the photon beam. Indeed if one were to 
give some sort of characteristic temperature to a col- 
limated beam of monochromatic photons, one might 
ascribe a temperature close to zero for such a well- 
ordered system. This would be in analogy with the 
problem of a collimated beam of monatomic molecules 
all having the same velocity (i.e, zero random 
motion). 

The more serious objection to the use of the second 
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law argument is its application to the photon absorp- 
tion mechanism which is described in quantum me- 
chanics as an isolated event, of such a nature that 
the classical ideas of determinism may not be ap- 
plied (1). This can be easily shown from a con- 
sideration of a very well known phenomenon, the 
photoelectric effect. In this process the initial ab- 
sorption of the light quanta by the electron always 
results in the electron absorbing all of the photon 
energy. This energy may, however, be dissipated in 
subsequent electron-electron or electron-ion interac- 
tions before the electron escapes from the photosur- 
face. One may in principle construct a surface such 
that each electron excited will escape the photo- 
surface with an energy equal to the photon energy 
minus the work function (i.e., by using exceedingly 
thin surfaces, carefully cleaning the metal vacuum 
interface, etc.). This electron in returning to the 
metal can now do an amount of useful work equal 
to the original photon energy. For such a system 
the overall efficiency and the work done on the photo- 
electrons will approach the theoretical limit of 100 %. 

If the efficiency of such a process were to vary 
with light intensity or the temperature of the photo- 
electric surface, either the photoelectric current must 
be non-linear with light intensity or the minimum 
photon energy necessary to eject an electron must 
change with light intensity or temperature. Neither 
event has ever been observed. Either event would 
violate the basic postulates of quantum mechanics (4). 
The first event would require that at certain light 
intensities a non-integral number of photons be ab- 
sorbed by a particular electron of the metal before 
it is ejected into the vacuum and the second would re- 
quire the electronic energy levels in the metal to 
shift relative to the vacuum level with varying photon 
intensity. Note that the observed strict proportional- 
ity of the photocurrent with light intensity demon- 
strates that the work done per photon is independent 
of the light intensity. 

lf one were to construct a system such that the 
photon source and the photoelectric specimen were 
placed in a perfectly reflecting envelope and sufficient 
time had passed for the various modes of electron 
excitation and decay in the specimen to be in equilibri- 
um with the photon gas in the envelope, then the laws 
of thermodynamics could be applied to this system 
of photoelectric specimen and light source. One 
could then ask questions about the state of the system 
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composed of all the valence electrons of the specimen. 
In this case, the electrons of the metal are coupled 
via the photon gas; their actions are not completely 
independent. Such a situation is not the case in the 
usual photosynthetic system; equilibrium or quasi- 
equilibrium ideas may not be applied. In this situa- 
tion each photosynthetic event is completely independ- 
ent of the other events taking place at other sites in 
the material. 

Although in such a complicated system as the 
photosynthetic unit there could conceivably be a num- 
ber of events which would use up the electronic energy 
imparted by photon absorption (such as fluorescence, 
radiationless transition, etc.), the individual photo- 
electron interactions are beyond the region of appli- 
cability of the second law of thermodynamics and are 
limited only by the conservation of energy and mo- 
mentum, 
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BEANS *? 


I. CONVERSION OF MALATE TO PHOSPHOENOL-PYRUVATE 


C.. R, 


It has been established that the enzymes phos- 
phoenol-pyruvate (PEP) carboxylase (reaction i), 
PEP carboxykinase (reaction ii), and malic enzyme 
(reaction iii) are widely distributed in plants (3, 9, 
16) and are present in tissues capable of an active 
dark CO, fixation (8, 17). 





BENEDICT? & HARRY 


DEPARTMENT OF BIOLOGICAL SCIENCES, PURDUE UNIVERSITY, 


BEEVERS 


LAFAYETTE, INDIANA 


The finding (9) that malic acid and aspartic acid are 
early products of dark CO, fixation is in accord with 
the operation of these enzymes during organic acid 
accumulation. The question of which of these en- 
zymes is operative during acid accumulation is un- 
resolved (9,17) but there is general agreement that 


Mg me 
Phosphoenol-pyruvate + CO, —— oxalacetate + iP (i) 
Mg++ 
Phosphoenol-pyruvate + CO, + ADP + iP =———=— oxalacetate + ATP (ii) 
Mg* + 


Pyruvate + CO, + TPNH ————= malate + 


1 Received for publication Dec. 7, 1960. 
2 This work was supported by a Grant (G—5072) from 
the National Science Foundation. 

3Present address: Department of Microbiology, 
Dartmouth Medical School, Hanover, N. H. 


TPN 


(iii) 


during dark CO, fixation the direction of these enzy- 
matic reactions favors malic acid accumulation. In 
the following light de-acidification period there is 
some evidence (8) which suggests carbohydrates are 
synthesized at the expense of organic acids. 

In germinating castor beans which carry out a 
net synthesis of sucrose from acetate units (4,6) 
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an analogous problem exists since malic acid is a 
major early product of acetate utilization, and it has 
been shown that it is an intermediate in sucrose syn- 
thesis from acetate (6). Additional information is 
described in this paper which confirms that malate 
in the endosperm is converted to sugar. 

In deciding which of the above reactions may be 
of importance in converting malate to carbohydrate it 
is of interest that an active malic dehydrogenase is 
present in extracts from germinating castor beans 
(7), so that oxalacetate formation may be regarded 
as a likely first step. It should also be noticed that 
reaction (i) is not reversible and that free pyruvate 
is the substrate for reaction (ii). Since it has been 
shown previously that pyruvate is not an intermediate 
in the conversion of acetate to sucrose (11) it seems 
reasonable to suggest that PEP carboxykinase is the 
enzyme responsible for the production of a glycolytic 
intermediate from oxalacetate. In this paper we 
describe the properties of this enzyme from germinat- 
ing castor beans and other results which are in harmo- 
ny with this suggestion. 


MatTertats & Metuops 


ENDOSPERM SLICES: Endosperm slices of germi- 
nating castor beans for C'4O, fixation studies were 
prepared as previously described (11). The slices 
were placed in KHC!O, and 0.05 m KH.,PO, buffer 
pH 7.2. The reaction was stopped with boiling 80 % 
ethanol. The slices were then extracted successively 
with 80 %, 50 %, and 20 % ethanol and the combined 
extracts were concentrated under reduced pressure 
at 40C. The dry residue was washed with ether, 
dissolved in water, and passed successively through 
1 cm columns containing 6 cm Dowex 50 (X8) in 
the hydrogen form and 6 cm Dowex 1 (X8) in the 
formate form. The amino acids were eluted from 
the Dowex 50 resin with 50 ml 1m NH,OH. The 
acidic fraction was eluted from the Dowex 1 resin 
with 50 to 60 ml 8N formic acid. The radioactivity 
of the fractions was determined by transferring 0.5 ml 
aliquots to nickel plated planchets and counting on an 
aluminized mylar gas flow counter. 

For chromatographic resolution of the acidic frac- 
tion, the eluate was dried under reduced pressure at 
40 C. The residue was then dissolved in 0.5 ml water. 
This was applied to paper and the components were 
separated with butanol-propionic acid-water [equal 
volumes of (1) 620 ml propionic acid & 790 ml water 
& (2) 1,246 ml butanol & 84 ml water] as the solvent 
for 20 hr. The propionic acid was removed by sus- 
pending the chromatograms over a steam outlet; the 
phosphate esters and acids were located by Hanes- 
Isherwood and brom-cresol green spray reagents, 
respectively. The phosphate esters, which stayed 
near the origin, were eluted with water, concentrated, 
and applied to filter paper and developed with MeOQH- 
NH,OH-H.O (60/10/30) (v/v/v) at 3C for 18 
hours as described by Bandurski and Axelrod (2). 
The separated phosphate esters were cut out and 


eluted from the chromatogram and _ co-chromato- 
graphed in the same solvent with known phosphate 
esters. The chromatograms were then exposed to 
x-ray film and the radioactive areas and sprayed 
phosphate esters were compared for coincidence. 


CyTopLasMic ParticLes: 4 day old germinating 
castor beans were used as the source of cytoplasmic 
particles and supernatant enzymes which were pre- 
pared as described previously (5). Soluble enzyme 
extracts of these particles were prepared as follows: 


I. The particles from the first 18,000 x g spin 
were homogenized in cold 0.08 m KH,PO, buffer pH 
7.2. The insoluble residue was removed by centri- 
fuging and the supernatant used as the source of 


enzymes. 


II. The particles were’ homogenized in cold dis- 
tilled water and lyophillized. The lyophillized powder 
was dissolved in 0.08 1 KH.PO, buffer pH 7.2, cen- 
trifuged, and the supernatant used as the source of 
enzymes. 


BARIUM-ALCOHOL PRECIPITATION & CHROMATO- 
GRAPHIC SEPARATION OF P%?-PHOSPHATE ESTERS: 
The phosphate esters produced in the enzyme experi- 
ments with P®2 were separated by the method of 
Umbreit, Burris, and Stauffer (14) with this modifi- 
cation. The barium salts of the phosphate esters 
were dissolved and the barium removed with 1M 
H.SO, and the supernatant lyophillized. The lyo- 
phillized powder was dissolved in water and applied 
to filter paper. The chromatography and identifica- 
tion procedures were those described above. 


EnzyMatic AssAys: The PEP carboxykinase 
ATP-exchange reaction was assayed in castor bean 
extracts by the methods of Mazelis and Vennesland 
(10), and Utter and Kurahashi (15). The C!0O, 
released from oxalacetate-4-C' by citrate treatment 


was collected in 0.1 ™M barium hydroxide. The 
3aC'4O, was plated on microporous porcelain 
planchets and counted on a_ windowless gas-flow 


counter. All figures are corrected for self-absorption 
and background. The blank which is carried 


throughout all the exchange reactions is subtracted 
from the sample values and unless the blank is low, 
of the order of 50 to 100 cpm, the experiment is dis- 
carded. 


REAGENTS: Oxalacetic acid was obtained from 
the Sigma Chemical Co. and adjusted to pH 6.5 with 
KOH prior to use. L-Malic acid was obtained from 
Sigma Chemical Co. Adenosine-triphosphate 
(ATP), and adenosine-diphosphate were obtained 
from Pabst Laboratories and adjusted to pH 6.5 with 
KOH before use. Phosphopyruvic acid-tricyclhexyl- 
amine salt was obtained from California Corp. Di- 
phosphopyridine nucleotide (DPN) was obtained from 
Pabst Laboratories. 


RADIOACTIVE ComMpouNDs: Phosphorus 32 was 
obtained in the form of H,P%2O, from Oak Ridge 


” 
J 


National Laboratory. BaC'4O, was obtained from 
Tracerlab in isotope concentrations of 0.044 and 0.24 
mc/mg. BaC!4O, was converted to KHC!40, by 
acidifying with lactic acid and trapping the C'*O, in 
KOH. 


RESULTS 


FORMATION OF SUCROSE From MALATE IN Vivo. 
It is already known that castor bean endosperm tis- 
sue, like that of other seedlings rich in fat is able 
to fix CO, into the carboxyl groups of organic acids, 
preponderantly malic, in the dark, and that sucrose, 
with C'* largely confined to carbons 3 and 4, emerges 
as the principal product of the fixation (12,13). In 
order to demonstrate that the tissue is indeed capable 
of forming sucrose from malate, endosperm slices 
were exposed to HC!O’, in two types of experiment. 
In the first, samples were withdrawn at intervals and 
the C'* incorporation into organic acid, amino acid, 
and neutral fractions was determined. The results 
are shown in figure 1. From this it is clear that 
incorporation into organic acids (& amino acids) is 
a primary event and that the form of the curve for 
C'* in sugars is that expected if they had arisen in 
a subsequent reaction with the organic acids acting 
as precursors. In view of the suggestion that PEP 
is an intermediate in these reactions, it is significant 
that a minor component of the C'*O, incorporated 
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into the acid fraction was identified by chromatog \- 
phy and co-chromatography as PEP-C'*. In a 
further experiment, it was shown that when slic+s 
which had been exposed to HC!#O’, for 10 minui.s 
were transferred to water, the C'* in the acid fracti:n 
decreased during the subsequent 6 minutes and there 
was a corresponding increase in the C'* content 
the sugar fraction. The above relationships wovw'| 
hold true if sucrose was being synthesized from m 
ate (with C'! in the carboxyl groups) by reactio 
which included a single decarboxylative step and 
reversal of glycolysis. 


PHOSPHOENOL-PYRUVATE 
PLASMIC PARTICLES. 


PRODUCTION IN Cyt 
Mitochondria from castor bean 
endosperm are known to be able to carry out the re- 
actions of the TCA cycle (5) and to produce ATP 
efficiently during the oxidation of a-ketoglutarate 
(1). The ability of such particles to produce PEP 
under these conditions was demonstrated by incubat 
ing with @-ketoglutarate, ADP, and KH.PO*,. The 
radioactive compounds were isolated from the in- 
cubation mixture by the barium-alcohol precipitation 
method and chromatographed. The P*?-phosphate 
ester which showed up as a clear band running ahead 
of the other P** labeled products was eluted and co- 
chromatographed with known PEP. The two com- 
pounds coincided nicely. This suggests that ATP* 
generated during the oxidation of a@-ketoglutarate had 
reacted with oxalacetate to produce PEP. 
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phosphate pH 7.2. Total volume 3.2 ml. 


Incubation at 25 C. 
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PROPERTIES OF PEP CarpoxyLasE & PEP Car- 
BOXYKINASE: If oxalacetate (OAA) is an inter- 
mediate in the formation of PEP by the cytoplasmic 
particles, the enzymatic reaction converting OAA to 
PEP should be directly demonstrable. To study this 
reaction soluble particulate extracts were used (see 
Materials & Methods). In the exchange reaction, 
the oxalacetate is phosphorylated and decarboxylated 
by PEP carboxykinase to give PEP which then re- 
acts with HC'4O’, to generate OAA-4-C' by the 
action of PEP carboxylase. A determination of the 
activity of overall reaction of the combined enzymes 
is made by measuring the amount of C'O.,, liberated 
from the OAA-4-C'*, Neither enzyme can be assay- 
ed individually in a crude extract using this method. 
\ large pool of OAA is added to the reaction mixture 
to assure saturation of the PEP carboxykinase, to 
offset possible losses of OAA through decarboxylation 
by Mg** or OAA decarboxylase and to provide a 
trap for the incoming OAA-4-C', 

The results in table I show that incorporation of 
HCO’, into the B-carboxyl group of OAA does 
indeed occur when ATP is provided. At higher 
ATP levels than those shown in table I, there was a 
progressive inhibition of the overall reaction. The 
results in table I establish that Mg** stimulates the 
overall reaction in accordance with its known effects 
on PEP carboxykinase and PEP carboxylase. 

The total incorporation of C!* into OAA in the 
presence of ATP and Mg** increases with time up 
to 30 minutes (fig 2). 

\n attempt to localize the enzymes, PEP car- 


TABLE I 


Errects of ATP & Mct+ on PEP CarpoxyKINASE 
EXCHANGE REACTION 








(a) ATP added 


(inicromoles) 


CPM/mg BaC?4O, from 
OAA-4-C14/ml 


0 0.77 
24.3 239.0 
48.6 324.0 


(b) MgCl, added 


(micromoles) 


0 48.2 
18.7 62.8 
37.5 81.8 
75.0 125.4 


\ll of the reaction mixtures contained, in micromoles: 
oxalacetate (OAA), 100; sodium fluoride, 37.5; 
KHC0,, 50 (5.5 x 10 cpm) ; 5 ml of lyophillized par- 
ticulate powder in 200 micromoles potassium phosphate 
PH 7.2. Total volume 7.6 ml. Time of incubation at 
25 C, 30 minutes. 

In (a) the MgCl, was held at 18.7 micromoles/ml and 
the ATP varied as shown. 

In (b) the ATP was held constant at 48.6 micro- 
moles/ml and the MgCl, varied as shown. The lyopbil- 
lized enzyme preparation was held in storage for several 
days between experiments (a) and (b). 
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TABLE II 


EFFECTS OF MALATE ON PEP CARBOXYKINASE 
EXcHANGE REACTION 








CPM IN CPM IN 


51.3 269. 5 


The reaction mixture contained, in micromoles: 
malate, 50; sodium fluoride, 15; KHC'O,, 50 (5.5 x 
10° cpm) ; DPN, 11.2; 1.0 ml particulate enzymes in 160 
micromoles potassium phosphate pH 7.2. Total volume 
41 ml. Time of incubation at 25 C, 30 minutes. 


boxykinase and PEP carboxylase, using the exchange 
reaction showed that the supernatant solution remain- 
ing after sedimenting the mitochondria was more 
than three times as active (on a protein basis) as the 
particles. However, since in the exchange reaction 
two enzymes are assayed and there is no reason to 
expect an identical distribution, the only conclusion 
from these results is that neither the PEP car- 
boxylase nor the PEP carboxykinase is confined to 
the particles. 

The results in table IT show the effect of adding 
malate and DPN, rather than oxalacetate to the ex- 
change reaction mixture. C'* is incorporated into 
the large malate pool under these conditions, and C" 
was also present in oxalacetate after 30 minutes. The 
enzymes in the particulate preparation are therefore 
capable of establishing an equilibrium between malate, 
oxalacetate, and phosphoenol pyruvate. 


DIscUSSION 


In germinating castor beans the reactions of the 
glyoxylate cycle when coupled to the production of 
acetyl CoA from the fatty acid spiral convert fatty 
acids to malate and then to sucrose (6,7). The 
results presented in this paper show that PEP car- 
boxykinase is present in extracts from this material, 
so that it is now reasonable to invoke the action of 
this enzyme in the sequence by which malate is con- 
verted into a glycolytic intermediate and thence to 
sucrose. The demonstration that radioactive PEP is 
one of the early products of dark C'O, fixation and 
the production of PEP*? from q@-ketoglutarate and 
ATP*? in the cytoplasmic particles is in accord with 
the operation of these enzymes in the castor bean 
endosperm. By studying the combined reactions of 
PEP carboxykinase and PEP carboxylase it has been 
shown that given the necessary conditions such as 
sufficient substrate and ATP, the PEP carboxykinase 
reaction is easily reversed in the direction of PEP 
formation from oxalacetate. 

It will be noted that in addition to possessing the 
mechanism bringing about a net synthesis of oxala- 
cetate from acetyl units, tissues such as the endo- 
sperm of the germinating castor bean generate re- 
duced flavins and pyridine nucleotide in the act of 
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producing these acetyl units from long chain fatty 
acids. ATP formed during the subsequent oxidation 
of these coenzymes would provide the other condi- 
tion essential for an efficient entry into the glycolytic 
sequence at the level of PEP. In the somewhat 
analogous situation of light deacidification in suc- 
culent leaves (8) both elements of the assimilatory 
power required for the production of sucrose from 
preformed acids arise no doubt from the light re- 
actions in photosynthesis. 


SUMMARY 


Both phosphoenol-pyruvic carboxylase and phos- 
phoenol-pyruvic carboxykinase are present in castor 
bean extracts. When ATP was provided the conver- 
sion of oxalacetate to PEP was strongly stimulated. 
Magnesium ion is required as a cofactor in this re- 
action. P**-labeled phosphoenol-pyruvate was pro- 
duced when cytoplasmic particles were provided with 
P*?-labeled phosphate and a-ketoglutarate, and C'* 
labeled phosphoenol-pyruvate was detected when slices 
of castor bean endosperm were converting malate-C1* 
(produced in vivo from C'#O,) to sugars. The re- 
sults presented support the suggestion that phos- 
phoenol pyruvic carboxykinase is one of the enzymes 
involved in the conversion of malate to carbohydrate 
which occurs in germinating castor beans. 


LITERATURE CITED 


1. AxKazawa, T. & H. Beevers. 1957. Mitochondria 
in the endosperm of the germinating castor bean: A 
developmental study. Biochem. J. 67: 115-118. 

2. Banpurski, R. S. & B. Axetrop. 1951. The 
chromatographic identification of some biologically 
important phosphate esters. J. Biol. Chem. 193: 
405-410. 

3. Banpurskt, R. S. & C. M. Grerner. 
enzymatic synthesis of oxalacetate 
phorylenol-pyruvate & carbon 


Chem. 204: 781-786. 


1953. The 
from phos- 
dioxide. J. Biol. 


4. 


NI 


Beevers, H. 1957. Incorporation of acetate car 
into sucrose in castor bean tissue. Biochem. J. 
23p. 

Beevers, H. & D. A. WALKER. 1956. The oxic; 
tive activity of particulate fractions from germin 
ing castor beans. Biochem. J. 62: 114-120. 

Canvin, D. T. & H. Beevers. 1961. Sucrose sy: 

thesis from acetate in the germinating castor be 


In: Kinetics & Pathway. J. Biol. Chem. 2. 
988-995. 
Kornserc, H. L. & H. Beevers. 1957. The gly- 


oxylate cycle as a stage in the conversion of fat 
to carbohydrate in castor bean. Biochim. Biophys. 
Acta. 26: 531-537. 

KunitakE, G. M. & P. Sartman. 1958. Dark 
Fixation of CO, by succulent leaves: Conservation 
of the dark fixed CO, under diurnal conditions. 
Plant Physiol. 33: 400-403. 

KuNITAKE, G. M., C. Stitt, & P. SALTMAN. 1959. 

tobacco leaves. 


Dark fixation of CO, by Plant 
Physiol. 34: 123-127. 
Mazetis, M. & B. VENNESLAND. 1957. Carbon 


dioxide fixation into oxalacetate in higher plants. 
Plant Physiol. 32: 591-600. 

NEAL, G. E. & H. Beevers. 1960. Pyruvate utili- 
zation in castor bean endosperm & other tissues. 
Biochem. J. 74: 409-416. 

StrtterR, M. L. 1959. The mechanism of malate 
synthesis in crassulacean leaves. Ph.D. Thesis, 
Purdue University, Lafayette. 

StrLter, M. L., G. E. Neat, & H. Beevers. 1958. 
CO, fixation during the conversion of carbohy- 
drate to fat in the castor bean. Plant Physiol. 
33 suppl.: xxxiv. 

Umpreit, W. W., R. H. Burriss, & J. F. STAUFFER. 
1949. Manometric techniques & tissue metabolism. 
3urgess Publish. Co., Minneapolis. 

Utter, M. F. & K. Kuranasut. 1954. Mechanism 
of action of oxalacetic carboxylase. J. Biol. Chem. 
207: 821-841. 

VENNESLAND, B. & E. E. Conn. 1952. Carboxylat- 
ing enzymes in plants. Ann. Rev. Plant Physiol. 
3: 307-332. 

Wacker, D. A. 
metabolism. 4. 


1957. Physiological studies on acid 
Phosphoenol pyruvic carboxylase 


activity in extracts of crassulacean plants. Bio- 
chem. J. 67: 


73-79. 








an 
RI 
of 


de 


ell 
do 





Jark 


tion 


ons. 


959. 
lant 


‘bon 
ints. 


tili- 
ues. 


late 


S18, 


958. 
hy - 
iol. 


FER. 
sm. 


ism 
em. 


lat- 
‘iol. 


cid 
ase 
310- 








FURTHER STUDIES ON A PARTICULATE ENZYME PREPARATION 





FROM NODULES OF SOYBEAN PLANTS”? 
RICHIE H. LOWE? & HAROLD J. EVANS3 


DEPARTMENT OF Botany & BACTERIOLOGY, 


In previous publications (4,6), the preparation 
and properties of a particulate enzyme complex from 
Rhizobium japonicum cells isolated from the nodules 
of soybean plants (Glycine max Merr.) have been 
described. It has been established that the particles 
catalyze the reduction of nitrate to nitrite and that 
either DPNH or succinate serves as effective electron 
donor. Evidence indicates that the sequence of elec- 
tron transport from DPNH involves an unidentified 
factor (replaced by menadione), a cytochrome, the 
Slater factor, nitrate reductase, and nitrate. When 
succinate is utilized, electron transfer appears to take 
place via succinic dehydrogenase, a cytochrome, and 
then a pathway from cytochrome to nitrate common 
with that utilized in reduced diphosphopyridine nu- 
cleotide (DPNH) oxidation. Investigations (5) on 
the possible physiological role of the nodule-nitrate 
reductase complex have provided considerable evi- 
dence that the enzyme activity, as measured by the 
rate of nitrate reduction, is correlated positively with 
the capacity, or with factors associated with the 
capacity, to fix atmospheric nitrogen. In general 
the hemoglobin content of nodules from plants sub- 
jected to various treatments and the nitrate reductase 
activity of Rhizobium japonicum cells obtained from 
nodules of the same plants are positively correlated. 
Since there is no evidence that nitrate is involved in 
the nitrogen fixing process, it has been postulated 
(4,5) that the enzyme complex may be non-specific 
for oxidant and that some unidentified substance with 
the appropriate oxidation-reduction potential may 
serve as the natural oxidant under physiological con- 
ditions. In view of the physiological experiments re- 
ported (5) and the experimental evidence of Berger- 
sen and Wilson (3) concerning the role of nodule 
hemoglobin in the nitrogen fixing process, the possi- 
bility has been considered that some form of nodule 
hemoglobin may serve as an electron acceptor for 
the complex. 

In this paper we report results of experiments in 
which oxygen, nodule hemiglobin, and nodule oxy- 


' Received Dec. 19, 1960. 
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3 Present address, Department of Botany and Plant 
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hemoglobin have been studied as electron acceptors 
for the catalysis of succinate oxidation by the partic- 
ulate enzyme complex isolated from nodule bacteriods. 


MartTeErRIALS & METHODS 


The particulate enzyme system (fig 1) was pre- 
pared by the methods described previously (4). All 
operations unless otherwise indicated were carried 
out at 0 to 4C. For preparing the enzyme system 
utilized in nodule oxyhemoglobin and hemiglobin ex- 
periments (figs 2,3,4,5, & 6) bacteriods from the 
nodules of soybean plants, Glycine max Merr. (var. 
Lee) grown in the field or greenhouse were obtained 
by centrifugation procedures (4). The cell paste 
was suspended in a solution of (1 weight of wet 
cells in 5 weights of solution) 0.1 phosphate buffer 
at pH 7.5 containing 0.001 m sodium ethylene diamine- 
tetraacetate (EDTA). The suspension was placed 
in a tygon tube (0.5 inch internal diam & 2.5 ft in 
length). Two grams of glass beads (averaging ca. 
0.3 mm in diam) for each gram of wet cells were 
placed in the tube and the ends of the tube were closed 
with a clamp excluding as much air as possible. The 
suspension of cells in the tube was rapidly frozen by 
use of solid CO. and the tube then was pulled back 
and forth over a steel rod, mounted on bearings, until 
the contents of the tube had thawed. The entire 
operation was repeated three times. After grinding, 
the beads were removed from the mixture by squeez- 
ing the suspension through cheesecloth and the cell 
debris was removed by centrifuging for 10 minutes 
at 20,000 x g. The particulate, enzyme complex 
remaining in the supernatant fluid was collected by 
centrifuging for 30 minutes at 80,000 x g. The 
particles were suspended in a quantity of phosphate 
buffer (0.1 m & containing 0.001 m EDTA) equiva- 
lent to 2.5 times the wet weight of the original cell 
paste. All evidence obtained to date indicates that 
the properties of the particulate enzyme complex pre- 
pared by the two procedures are indistinguishable. 

For preparing nodule “hemoglobins” * a modifica- 
tion of the procedure of Sternberg and Virtanen (13) 
was used. Fresh nodules from soybean plants grown 
either in the field or the greenhouse were washed 
with cold water and macerated with a mortar and 


’ 


In this paper the term “hemoglobins” includes hemo- 


globin, oxyhemoglobin, and hemiglobin. 
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pestle, in a weight of saturated (NH,).SO, solution 
equal to the weight of the nodules. The mass of the 
nodule tissue was removed by squeezing the material 
through several layers of cheesecloth and then the 
suspension was centrifuged at 22,000 x g for 20 
minutes to remove the bacteriods. The supernatant 
fluid was collected, and sufficient solid (NH,).SO, 
was added to bring the specific gravity to 1.2. After 
standing for 20 minutes, the precipitate containing 
the “hemoglobins” was collected by centrifuging 
(22,000 « g for 10 min), and then it was dissolved in 
0.1m phosphate buffer containing 0.001“ EDTA 
(0.5 ml buffer for each gram of fresh nodules). 

The solution of “hemoglobins” was placed in a 
Thunberg tube and after evacuation about 0.2 mg 
of solid Na.S.O, per ml of solution was tipped into 
the solution from the side arm. Oxygen was ad- 
mitted into the tube and the contents were shaken 
gently. A spectrum of this solution was recorded 
and as indicated in figures 1 and 2 absorption bands 
characteristic of oxyhemoglobin were exhibited. 
Hemoglobin was prepared from oxyhemoglobin by 
adding about 2.0 mg of Na.S,O, to a Thunberg tube 
containing 10 ml of oxyhemoglobin (0.1-0.2 mg of 
heme/ml). A spectrum of a_ typical hemoglobin 
preparation is presented in figures 1 and 2. 

Hemiglobin was prepared by maceration, with 
a cold mortar and pestle, one weight of washed nod- 
ules from soybean plants with two weights of 0.1 mM 
phosphate buffer at pH 7.5 containing 0.001 m EDTA. 
The macerated nodules were shaken for 10 minutes 
at 25C in order to allow the phenoloxidase to act 
(10). After this the mass of the nodular tissue was 
removed by squeezing through cheesecloth and the 
fluid suspension was centrifuged for 20 minutes at 
22,000 x g. The supernatant liquid was shaken again 
for 10 minutes at 25C. An absorption spectrum of 
the preparation revealed characteristic bands of 
hemiglobin. 

Spectrophotometric determinations were carried 
out with a Cary Model 11 recording spectrophoto- 
meter. Heme content of the various preparations 
was determined by the method of Keilin and Hartree 
(8) and the nitrogen content of particulate prepara- 
tions was determined by a microKjeldahl procedure 
(7). Oxygen uptake was measured manometrically 
by use of a Warburg apparatus. Solid sodium suc- 
cinate was prepared by drying a concentrated solution 
of sodium succinate at pH 7.0. 


Resutts & DIscussION 


It has been observed (4) that the rate of nitrate 
reduction by the particulate preparation was more 
rapid in assays conducted under anaerobic than under 
aerobic conditions. In view of these results, a mano- 
metric experiment was designed to determine whether 
or not the particulate preparation would utilize atmos- 
pheric O, as an electron acceptor (fig 1). From 
these data it is apparent that the particles catalyzed 
rapid oxygen uptake that was dependent upon the 


addition of succinate to the assay medium. The 
results also show that oxygen uptake is inhibited 

nitrate and that the degree of inhibition is relat 
to the concentration of nitrate in the reaction mi 
tures. From the data in table I it can be seen th 
the decreased oxygen uptake resulting from the ad 
tion of nitrate was accompanied by an increase 

nitrite production. It is apparent, therefore, that t! 
particulate enzyme system not only catalyzes a su 
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Fic. 1. Oxygen uptake by bacteriod particulate en- 
zyme system and its inhibition by nitrate. The complete 
reaction mixture consisted of enzyme (1.2 mg protein), 
succinate (60 umoles), and phosphate buffer (120 umoles) 
in a final volume of 3.6 ml. 

Fic. 2. Spectra of nodule oxyhemoglobin and hemo- 
globin in the range of 360 to 500 mu. The concentration 
of heme in the cuvette was 8 ug per ml. 

Fic. 3. Spectra of nodule oxyhemoglobin and hemo- 
globin in the range of 470 to 650 mu. The concentration 
of heme in the cuvette was 32 ug per ml. 
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TABLE [ 


Errect OF NITRATE ON OXYGEN UPTAKE & NITRITE 
FORMATION IN PRESENCE OF PARTICULATE ENZYME * 











NITRITE 
ADDITION OXYGEN UPTAKE** pRoDUCED** 

umoles umoles 
None 4.1 0.02 
0.09 umoles NaNO, 3.8 0.28 
0.9 " is 3.6 1.03 
3.0 ~ 4 32 2.77 
90 ° “is a5 3.02 
30.0 ” wa 3.1 3.07 
90.0 . ” 2.4 3.18 


*Components of the reaction flasks were: enzyme 
(2.4 mg protein); succinate (60 mmoles); phosphate 
buffer (150 uwmoles), and the nitrate additions indicated. 
The final volume of each reaction mixture was 3.0 ml. 
The center well in each flask contained 0.2 ml 20% 
KOH, the gas phase was air, and the temperature was 
30 C. 


ok 


Measurements were made after incubating for 60 
minutes. 


cinate-dependent nitrate reduction but also catalyzes 
the transfer of electrons from succinate to oxygen. 
The inhibition of oxygen uptake by nitrate strongly 
suggests that O. and nitrate are competing for elec- 
trons from a common source. The terminal activa- 
tion enzymes for the two acceptors, however, are not 
necessarily the same. 

Kubo (11) has shown that nodule “hemoglobins” 
stimulate the uptake of oxygen by bacteriods from 
soybean nodules. It is the opinion of Smith (12), 
however, that the stimulatory effect is indirect and 
does not involve hemoglobin in the electron transport 
process. In view of the observations of Kubo (11) 
an experiment was designed to test the effect of nod- 
ule “hemoglobins” on the rate of oxygen uptake by 
the particles from nodule Rhizobium. An experiment 
was conducted comparable with that outlined in figure 
1 with the exception that nitrate additions were omit- 
ted and nodule “hemoglobins” at concentrations of 
1.9, 19.0, and 32.0 ug heme per ml were included in 
the reaction flasks. Two experiments of this type 
revealed no consistent effect of the “hemoglobins” on 
the rate of succinate oxidation. Other experiments 
have revealed that hemoglobin is rapidly converted to 
hemiglobin in the presence of the particulate system 
and oxygen. If one postulates an involvement of 
hemoglobin and oxyhemoglobin in the oxygen uptake 
process, the oxidation of hemoglobin to hemiglobin 
might interfere with the normal role of the pigment, 
and thus the negative results do not rule out a role of 
the pigment under in vivo conditions. In this regard 
hemoglobin and oxyhemoglobin appear to be the major 
constituents in nodules (9). 

Bergersen and Wilson (3) have demonstrated 
that extracts prepared from soybean nodules will cata- 
lyze the oxidation of hemoglobin to hemiglobin by 
use of N, as the oxidant. They also claim that bac- 





teriods from soybean nodules exhibit the capacity to 
reduce the hemiglobin to hemoglobin. A close ex- 
amination of the spectra presented by Bergersen and 
Wilson indicate that a large portion if not all the 
absorption bands in the difference spectra resulting 
from the addition of bacteriods to their hemiglobin 
preparation may be accounted for by changes in the 
spectrum associated with the conversion of oxyhemo- 
globin to hemoglobin. In view of this report (3) an 
experiment was designed to determine whether or not 
the particulate enzyme complex possessing the nitrate 
reducing capacity possessed the capacity to reduce 
hemiglobin to hemoglobin. A complete reaction mix- 
ture (final volume of 3 ml) containing 300 «moles 
buffer, 1 ml of particulate suspension (2 mg protein/ 
ml) and 1 ml of hemiglobin solution (45 ug heme, 
per ml) was placed in the main compartment of a 
cuvette fitted with a Thunberg attachment. The side- 
arm of the cuvette contained 10 mg of solid sodium 
succinate. A reference cuvette was prepared which 
contained buffer and particles only. The cuvettes 
were closed, evacuated, and flushed with O.-free He 
(scrubbed through 2 towers of CrCl.). This pro- 
cedure was repeated three times. A spectrum was 
recorded and then the contents of the sample cuvette 
were mixed with the succinate in the side arm. A 
spectrum was recorded again at 10, 20, 30, and 60 
minutes after adding the succinate but nothing indi- 
cated the reduction of the hemiglobin to hemoglobin. 
This experiment was repeated several times using 
variations in the experimental techniques but in all 
cases results were negative. 

In another series of experiments the capacity of 
the particulate preparation to catalyze the transfer 
of electrons from succinate to oxyhemoglobin was 
studied. In a typical experiment (fig 4) reaction 
mixtures were prepared in each of two cuvettes fitted 
with ground glass stoppers. Both cuvettes contained 
buffer, oxyhemoglobin, and the particulate enzyme 
(fig 4). In the experiment reported in figure 4 the 
cuvettes were filled in air. The base line, (trace a) 
which falls close to the zero optical density scale at 
all wave lengths, is the difference spectrum prior to 
adding succinate. Solid sodium succinate (10 mg) 
was then mixed with the contents of one of the cu- 
vettes and both cuvettes were stoppered to exclude all 
air space. The ground glass stoppers were coated 
with a thin film of vacuum grease. Difference spectra 
were recorded at 10 minute intervals. The difference 
spectrum (fig 4) was recorded 40 minutes after ini- 
tiating the reaction. Recordings prior to this one 
indicated a lag in the reaction during the first 20 
minutes. Decreases in absorbance observed at 575 
and 540 mz and the decrease at about 412 and increase 
near 430 (trace b) are conclusive evidence that oxy- 
hemoglobin was converted to hemoglobin (see figs 
2 & 3 for direct spectra of these 2 forms of the pig- 
ment). 

An experiment was conducted identical with that 
reported in figure 4 with the exception that the cu- 
vettes were filled under He. The cuvettes and a 
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Fic. 4. A difference spectrum resulting from the con- 


version of oxyhemoglobin to hemoglobin under aerobic 
conditions. Trace a is a recording of the difference 
spectrum of two cuvettes each containing oxyhemoglobin 
(12.5 ug heme/ml), particulate enzyme (0.4 mg protein/ 
ml), and phosphate buffer (100 uwmoles/ml). Trace b 
was recorded 40 minutes after mixing succinate (0.33 mg 
solid sodium succinate/ml) into the sample cuvette. (See 
text for further experimental details.) 

Fic. 5. <A difference spectrum resulting from the 
conversion of oxyhemoglobin to hemoglobin in an atmos- 
phere of He. The experiment was identical with that 
described in figure 4 except that both cuvettes were 
flushed with He (see text) and the difference spectrum 
(trace b) was recorded 7 minutes after mixing succinate 
with the mixture. The slight curvature of the difference 
spectrum prior to adding succinate (trace a) is a result 
of a slight difference in concentration of the oxyhemo- 
globin in the two cuvettes. 


beaker containing the reaction mixture were placed in- 
side a plastic bag. The bag was flushed several times 
with He, and the reaction mixture was shaken inter- 
mittently during the flushing procedure. The solution 
was transferred inside the bag to the cuvettes and the 
cuvettes were stoppered, removed from the bag, and 
difference spectra were recorded (fig 5). The 
cuvettes were returned to the bag and then flushed 
several times with He. To one cuvette 10 mg of 
solid sodium succinate were added. The cuvette was 


stoppered and then both cuvettes were removed fror 
the bag for difference spectra (fig 5). The bas 
line (fig 4) falling near the zero optical scale (trac 
a) is the difference spectrum prior to adding suc 
cinate to the mixture. The difference spectrum show 
ing considerable changes in optical density near 41 
and 430 mu (trace b) was recorded 7 minutes aite 
the reaction was initiated. In both experiment 
(figs 4 & 5) the changes in the spectra after addin; 
succinate are those expected when oxyhemoglobin i 
converted to hemoglobin. In the experiment reporte: 
in figure 5 there was no lag in the reaction. That 
the time course of the conversion of oxyhemoglobi1 
to hemoglobin is succinate-dependent is illustrated 
by the data plotted in figure 6. The reaction mixture 
containing succinate was identical with the complete 
reaction mixture used in the experiment reported in 
figure 5. The reference cuvette contained buffer 
particulate enzyme and oxyhemoglobin and, therefore, 
the only difference between the two cuvettes was 
the succinate. In this case, however, the deoxy- 
genation of oxyhemoglobin was followed by the op- 
tical density decrease at 575 mu. As shown by the 
curve the reaction rate is approximately linear during 
the first 20 minutes of the reaction. In all experi- 
ments where reaction mixtures were flushed with 
purified He the conversion of oxyhemoglobin to hemo- 
globin by the particulate preparation could be con- 
firmed by direct spectra as well as difference spectra. 
Oxyhemoglobin from soybean nodules will dis- 
sociate into hemoglobin and oxygen if the solutions 
of the pigment are placed in an evacuated vessel and 
incubated at 37 C (10). When an oxyhemoglobin 
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Fic. 6. Conversion of oxyhemoglobin to hemog!ebin 
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same as the complete reaction mixture described in figure 
4. The reference cuvette contained all the reactants ex- 
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olution (at a concentration used in experiments de- 

ribed above) was placed in a Thunberg cuvette and 
ushed at 0° C with purified He and then incubated 
at 25 C, only 5 to 10 % of the oxyhemoglobin dissoci- 
ated within 1 hour. In contrast, active preparations 
of the particulate complex supplied with succinate 
caused an almost complete deoxygenation of the oxy- 
hemoglobin within 20 minutes. To date no evidence 
has been obtained indicating whether or not the ni- 
trate reductase component of the particulate complex 
is involved in the final transfer step to oxyhemoglobin. 
The particulate system, however, is essential for rapid 
oxidation of succinate by oxyhemoglobin or a product 
of its dissociation. 

When reactions were carried out under aerobic 
conditions a series of spectra recorded during the 
course of the reaction revealed that oxyhemoglobin 
was converted to hemoglobin and then the hemoglobin 
was oxidized to hemiglobin. Apparently the phenol- 
oxidase activity (10) was responsible for this oxi- 
dation. 

Keilin and Wang (10) have shown that hemo- 
globin from soybean nodules has a high affinity for 
oxygen, and Bergersen and Wilson (3) have demon- 
strated that oxygenation of nodule hemoglobin occurs 
when the surrounding atmosphere contains as little 
as eight parts per million of oxygen. Bergersen and 
coworkers (1,2) have presented evidence that groups 
of bacteriods in nodules are surrounded by a solution 
of hemoglobin within host tissue membranes. If this 
view is correct it would seem logical to conclude that 
oxygen utilized by bacteriods would first have to 
come in contact with the nodule hemoglobin solution 
before reaching the bacteriods. Spectroscopic obser- 
vations by Keilin and Smith (9) and also in our own 
laboratory show that normal intact nodules contain a 
mixture of oxyhemoglobin and hemoglobin. Our 
observations indicate that the major portion of the 
pigment is in the hemoglobin form and therefore it 
would be available for combining with any oxygen 
that may be present. In view of these considerations 
and of the demonstrated capacity of the particulate 
complex to transfer electrons from succinate to oxy- 
hemoglobin, the possibility of the hemoglobin play- 
ing a metabolic role in oxygen uptake by whole nod- 
ules still remains. In regard to the proposed role 
of hemoglobin in the nitrogen fixing process as pro- 
posed by Bergersen and Wilson (3) one might pos- 
tulate that the particulate enzyme may play a role in 
the conversion of oxyhemoglobin to hemoglobin, thus 
making the pigment available for electron transport 
to nitrogen. It is apparent that further experimental 
work is necessary to clarify the role of various “hemo- 
globins” in the metabolism of legume nodules. 

Even though the particulate enzyme complex from 
nodule Rhizobium possesses the capacity to transfer 
electrons from succinate to either nitrate, oxygen, or 
oxyhemoglobin further purification of the system 
will have to be accomplished before information is 
available concerning the nature of the enzyme involved 
in the terminal transfer step with each of the ac- 
ceptors. 
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SUMMARY 


Further investigations have been conducted on 
the properties of a particulate enzyme complex iso- 
lated from soybean-nodule bacteriods. It has been 
shown that the system not only will catalyze the re- 
duction of nitrate to nitrite by use of DPNH or suc- 
cinate as electron donors, but also will catalyze the 
transfer of electrons from succinate to oxygen. This 
process is inhibited by nitrate suggesting that both 
oxygen and nitrate compete for electrons from a com- 
mon source. In addition, the particulate complex 
possesses the capacity to transfer electrons from suc- 
cinate to oxyhemoglobin isolated from nodules. Et- 
forts to demonstrate a succinate-dependent reduction 
of nodule hemiglobin to hemoglobin in the presence 
of the enzyme complex were negative. The role of 
nodule hemoglobin in nodule respiration and nitrogen 
fixation has been discussed briefly. 
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EFFECTS OF ETHYLENE & OXYGEN ON PRODUCTION OF A 
BITTER COMPOUND BY CARROT ROOTS *? 
BRUCE C. CARLTON 3, C. E. PETERSON, & N. E. TOLBERT 
DEPARTMENTS OF HorTICULTURE & AGRICULTURAL CHEMISTRY, MICHIGAN STATE UNIversity, East LANSING 


A bitter-tasting compound identified as 3-methyl-6- 
methoxy-8-hydroxy-3,4-dihydroisocoumarin, and com- 
monly called isocoumarin, has been isolated from 
stored carrot roots (2,6,7). The production of this 
compound in carrot roots can be initiated by adding 
minute quantities of ethylene gas to the storage atmos- 
phere (3,4). Studies in which mature avocado and 
pear fruits were exposed to C'4-labeled ethylene 
showed the incorporation of only trace amounts of 
the labeled isotope into the fruit tissues (1). The 
experiments reported here were carried out in efforts 
to elucidate the role of ethylene in inducing develop- 
ment of isocoumarin in stored roots and to investigate 
the oxygen requirements for isocoumarin formation 
in intact tissue. 


ProceDuRE & RESULTS 


UTILIZATION OF ETHYLENE C1: Six mature car- 
rot roots weighing a total of 411 g with 1 inch of the 
green tops attached were placed in a closed system 
containing 10 liters of air into which was released 
0.5 millicurie of C'4-labeled ethylene gas to an ap- 
proximate concentration of 100 ppm. The randomly 
labeled ethylene had a specific activity of 11.2 milli- 
curies per millimole and had been purchased from 
New England Nuclear Corp. After a 2-week ex- 
posure period at 2 C the labeled ethylene was scrub- 
bed out of the system using the methods of Young 
et al. (8,9). The roots were sampled for C'* in- 
corporation and for the presence of the bitter com- 
pound in the petiole and in the tip and crown areas 
of the roots. The C'4-ethylene was then released back 
into the chamber and the experiment continued for 
an additional 4 weeks. During this. last period, 
oxygen was added twice to replace that consumed by 
respiration, and carbon dioxide was removed with a 
non-reciprocating pump and KOH scrubbing towers. 
At the conclusion of the experiment the whole roots 
were ground, extracted with water, and purified 
Skellysolve B, and samples of the extracts plated for 


1 Received Dec. 22, 1960. 

2 Journal Article No. 2723 from the Michigan Agri- 
cultural Experiment Station. 

8 National Science Foundation Predoctoral Fellow, 
Department of Horticulture, Michigan State University. 
Present address: Department of Biological Sciences, 
Stanford University, Stanford, Cal. 
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measurement of C'* incorporation. The bitter com- 
pound was assayed by the spectrophotometric method 
of Sondheimer et al. (5). 

Although appreciable amounts of the bitter com- 
pounds were formed, only a trace of C'* was in- 
corporated into the Skellysolve B-extractable frac- 
tion. It can be concluded, therefore, that no signif- 
icant amount of the labeled ethylene was incorporated 
into the bitter principle of the carrot. 


INHIBITION OF ISOCOUMARIN FORMATION BY 
ANAEROBIOSIS: For investigations of the oxygen re- 
quirement for isocoumarin synthesis, carrots from 
Michigan State University experimental plots were 
selected on the basis of freedom of the bitter com- 
pound. Five 10-pound lots of carrots were treated 
at 2 C as indicated in table I. One control group was 
kept in a continuous flow of ethylene-free air. An- 
other control group was stored in a continuous flow 
of air containing 100 ppm of ethylene. The remain- 
ing three groups were first stored for specific periods 
of time in a closed system with an atmosphere of 
nitrogen with or without 100 ppm of ethylene and then 
treated as the controls in a continuous flow of air 
with or without ethylene. The data in table I and 
figure 1 were obtained from an experiment in which 
the anaerobic treatments were carried out by sealing 
the roots in 10-liter desiccators under an atmosphere 
of nitrogen for 4, 8, and 16 days. Each of three 
flushes of nitrogen was followed by evacuation to ob- 
tain the lowest oxygen tension possible and then the 
desiccators were filled with nitrogen. Following 
these pretreatments, each lot of roots was placed in 
the atmosphere of continuous flowing air containing 
100 ppm ethylene and then sampled at intervals of 2, 
4, and 6 weeks for the presence of the bitter com- 
pound (5). 

All anaerobic pretreatments inhibited synthesis of 
the bitter principle (table I & fig 1). Similar 
results were obtained when ethylene was included in 
the nitrogen atmosphere during the anaerobic pre- 
treatment. Carrots which were not subjected to 
anaerobic pretreatment previous to ethylene exposure 
produced large quantities of the bitter compound, 
while controls never exposed to ethylene produced only 
trace amounts. Samples of roots were tasted after 
anaerobic storage up to 16 days and no adverse effect 
on flavor could be detected. However, prolonged 
anaerobic treatments of 8 weeks produced fermenta- 
tive flavors in the roots. 
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TABLE I 


BirtER ComPpouND DEVELOPMENT BY Carrot Roots AFTER ANAEROBIC PRETREATMENT Pertops oF 4, 8, & 16 Days 














LENGTH OF AIR AIR PLUS 100 ppm ETHYLENE 
TREATMENT, goa 
WEEKS DAYS OF PRETREATMENT IN NITROGEN 
0 4 8 16 
; mg [socoumarin/100 g fr wt 
2 0.0 6.9 28 18 1.2 
as 1.2 16.8 4.5 2.8 45 
6 0.6 22.2 aA 2.4 3.0 





The atmospheres from anaerobic nitrogen treat- 
ments of 8 weeks duration were analyzed for carbon 
dioxide and oxygen with an Orsat gas apparatus. 
The gas from a desiccator which had initially con- 
tained only nitrogen and 100 ppm ethylene was 54 % 
CO,. When the ethylene had been omitted from the 
nitrogen, the atmosphere in the desiccator contained 
80 % CO.. No oxygen was detectable. 


DISCUSSION 


The results obtained with carrot roots in the C1- 
ethylene experiments appear to parallel those of 
Buhler et al. fruit tissue (1). Essentially no in- 
corporation of the isotope occurred, although the 
roots did synthesize significant quantities of the bitter 
compound. These results appear to rule out the par- 
ticipation of ethylene as a precursor in the biosyn- 
thesis of the bitter compound and suggest rather that 
its action is catalytic. 

The experiments on the oxygen requirements for 
bitter compound synthesis indicate that oxygen and 
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Fic. 1. Ultraviolet absorption spectra of Skellysolve 
B extracts of carrots subjected to anaerobic pretreatment 
and then exposure to 100 ppm ethylene in air for 6 weeks. 
One air control contained ethylene (top curve) and the 
other no ethylene (bottom curve). Only traces of absorb- 
ing material were found when the carrots were treated 
for 4, 8, or 16 days with a nitrogen atmosphere before 
exposure to air with ethylene (middle three curves). 





ethylene are required simultaneously. No synthesis 
occurred either in an aerobic atmosphere lacking 
ethylene or in an anerobic atmosphere containing 
ethylene. Futhermore, pretreatments of short anae- 
robic conditions with or without ethylene prevented 
bitter compound synthesis when the roots were later 
removed to an aerobic condition with ethylene. 
Anaerobic treatment caused an apparently irreversible 
inhibition of the isocoumarin synthesizing mechanism 
in the carrot root. The high carbon dioxide levels 
in the atmosphere during anaerobic treatment showed 
that metabolic activity persisted at a fairly high rate. 

Anaerobic pretreatment may have stimulated a 
metabolic pathway which utilized a substrate or co- 
factor required for aerobic synthesis of the bitter 
compound. Another possibility is that under anaero- 
bic conditions a substance was produced which: in- 
hibited subsequent synthesis of the bitter compound. 

An important practical implication of these ob- 
servations is that a solution to the bitter-carrot prob- 
lem was made available. The shortest anaerobic pre- 
treatment studied in these experiments (4 days) was 
effective in inhibiting bitter compound synthesis 
normally induced by ethylene gas in the storage 
atmosphere. Further study is required to determine 
the minimum time of exposure and minimum oxygen 
level necessary for this inhibition. Anaerobic storage 
as a means of preventing the isocoumarin type of 
bitterness appears promising because of the low cost 
and ease of handling nitrogen gas. Furthermore, 
nitrogen storage, at least up to 16 days, as used in 
these experiments, had no detectable adverse effects 
on carrot flavor or keeping qualities. 


SUMMARY 


No significant amount of ethylene-C' was incor- 
porated into the bitter compound, isocoumarin, of 
carrot roots. The result suggests that ethylene action 
on isocoumarin formation is catalytic. 

Isocoumarin formation in the presence of ethylene 
is prevented by short anaerobic treatments. Pre- 
treatment of roots for only 4 days in a nitrogen at- 
mosphere with or without ethylene prevented sub- 
sequent formation of isocoumarin by the roots when 
they were placed in air with or without ethylene. 
High carbon dioxide production occurred during the 
anaerobic treatment. 
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SOLUBLE SUCCINIC 
PLANTS 7? 


A. J. HIATT 


DEPARTMENT OF AGRONOMY, UNTVERSITY OF KENTUCKY, LEXINGTON 


Recently succinic dehydrogenase has been isolated 
as a soluble protein from either the n-butanol powder 
of baker’s yeast (8) or acetone powder of beef heart 
mitochondria (7). The enzyme has been purified 
from both these sources and has been shown to be an 
iron flavoprotein containing four atoms of non-hemin 
iron per mole of flavin (7). 

Succinic dehydrogenase is associated with mito- 
chondria, and studies of the particulate enzyme by 
numerous investigators have shed considerable light 
on the chemical nature of the succinic oxidase system 
of plants. The isolation of a soluble preparation of 
this enzyme from the tissues of higher plants, how- 
ever, has not been reported in the literature. The 
purpose of this paper is to describe the preparation 
and some properties of soluble succinic dehydrogenase 


1 Received Feb. 4, 1961. 

2 Contribution of the Agronomy Department, Kentucky 
Agr. Exp. Sta., Lexington, and published with the per- 
mission of the experiment station director. 

3 n-Methyl phenazonium sulfate is known colloquially 
as phenazine methosulfate or PMS. The abbreviation, 
PMS, will be employed in the remainder of this paper. 


from the roots of Phaseolus vulgaris L. and from 
the leaves of Nicotiana tabacum L, 


MATERIALS & METHODS 


Source oF ENzyME: The soluble enzyme was 
extracted from acetone powders of mitochondria ot 
roots of 5-day old beans (Phaseolus vulgaris L., var. 
Black Valentine) or leaves of young tobacco plants 
(Nicotiana tabacum L., var. Ky 41A). Bean seeds 
were sown thickly in flats of vermiculite and watered 
daily with tap water. After 5 days the seedlings were 
removed and the roots were washed until free of ver- 
miculite. The roots were excised and washed 
thoroughly with cold deionized water containing 
0.001 m EDTA (ethylenediaminetetraacetate). The 
soluble enzyme was prepared from these washed roots 
as described under Results. 

Tobacco leaves were obtained from 7- to 8-week 
old plants grown in a plant growth chamber in ver- 
miculite watered with Hoagland’s solution. After 
removal of the leaf midribs, soluble succinic dehydro- 
genase was prepared as described under Results. 


CHEMICALS: N-Methyl phenazonium _ sulfate 
(PMS)? was obtained from the Sigma Chemical Co. 
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Tie p-hydroxymercuribenzoic acid was obtained from 
Nutritional Biochemicals Corp. Sodium 2,6-dichloro- 
phenolindophenol was obtained from Fisher Scientific 
Co. All the other reagents were commercial prepara- 
tions of high purity. 

Deionized water was obtained by passing distilled 
water through a resin column containing Amberlite 
IR 120 and IR 400 resins. Sodium succinate was 
prepared by neutralizing succinic acid to pH 7.4 with 
sodium hydroxide. Tris buffer was prepared by neu- 
tralizing tris(hydroxymethyl)aminomethane to the 


desired pH with HCl. 


Assay ProcepurES: Two different assay pro- 
cedures were used in these studies; one was a mano- 
metric procedure (3), the other was a colorimetric 
procedure (1). Except where specifically stated, the 
colorimetric procedure was used for all assays. In 
the manometric procedure O, uptake was measured 
in the presence of 5 X 107% potassium phosphate 
at pH 7.6, 2 x 10-2 sodium succinate, 1 X 10~*m 
potassium cyanide, 0.67 mg/ml PMS, and enzyme 
extract in a final volume of 3 ml. The only modi- 
fication of the procedure described by Kearney and 
Singer (3) was the use of 30 C instead of 38 C as the 
temperature for the manometric measurements. 
When the manometric procedure was used to assay 
the enzyme extracts, reaction rates were linear be- 
tween 5 and 15 minutes after the reaction was initi- 
ated. Enzyme activity was dependent upon the addi- 
tion of succinate, was proportional to enzyme con- 
centration, and was destroyed by exposure to a tem- 
perature of 100 C for 2 minutes. One unit of suc- 
cinic dehydrogenase activity is defined as that quan- 
tity of enzyme required to cause oxygen uptake at 
a rate of 1 mm? per minute (during the 5-15 min in- 
terval). Specific activity is defined as units per milli- 
gram of protein. 

The colorimetric procedure was a slight modifica- 
tion of that used by Ells (1). The experimental 
cuvette contained the following constituents in a final 
volume of 3 ml: 5 X 1072™ potassium phosphate 
buffer, pH 7.4, 4 X 10~?™ sodium succinate, 1 x 
10-2 m potassium cyanide, 3 K 107-5 ™M sodium 2,6- 
dichlorophenolindophenol, 0.3 mg/ml PMS and en- 
zyme extract to give an optical density change of 
0.02 to 0.04 per 30 seconds. The reaction, at room 
temperature, was initiated by adding PMS; the rate 
of reduction of sodium 2,6-dichlorophenolindophenol 
was measured at a wavelength of 600 mz with a Beck- 
man DU spectrophotometer. Activity is expressed 
as the decrease in optical density at 600 mz during 
the interval between 15 and 45 seconds after initiating 
the reaction. One unit of enzyme activity is defined 
as that amount which will cause an optical density 
decrease of 0.01 per minute under the described condi- 
tions. Enzyme activity was insignificant when suc- 
cinate or PMS was omitted. The rate of reduction 
of 2,6-dichlorophenolindophenol was proportional to 
enzyme concentration over the range used in these 
studies. No activity was obtained with a boiled en- 
zyme preparation. The rate of enzyme activity in 
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the absence of cyanide was about 60 % of the activity 
in the presence of 1 ~ 1072 m cyanide. The increase 
in activity in presence of cyanide apparently is due 
to its continuous reduction of the disulfide groups 
formed by the action of H.O, on the thiol groups of 
the dehydrogenase (3). The H.O, arises from the 
reoxidation, by O., of some of the reduced N-methyl 
phenazonium sulfate. 

Protein was determined by the Folin-phenol meth- 
od of Lowry et al. (5), using crystalline bovine al- 
bumin as the standard. 


RESULTS 


PREPARING SOLUBLE SUCCINIC DEHYDROGENASE 
From Roots oF PHASEOLUS VuLGARIS: This pro- 
cedure is based on that which Singer et al. (7) used 
to obtain the enzyme in soluble form from beef heart 
mitochondria. Mitochondrial preparations were ob- 
tained from young roots of Phaseolus vulgaris (see 
Materials & Methods) essentially as described by 
Withrow and Wolff (9). The preparation of a 
typical succinic dehydrogenase extract is described 
below. Except where indicated, all procedures were 
carried out at 0 to 4C. Washed roots (414 g) were 
ground with a mortar and pestle for approximately 
four minutes with acid washed quartz sand and a solu- 
tion (1 ml/g of fresh roots) containing 0.4 m sucrose, 
0.1m potassium phosphate buffer at pH 7.1 and 
0.001m EDTA. The homogenate was squeezed 
through two thicknesses of cheesecloth and centrifyged 
at 500 x g for 5 minutes. The supernatant liquid 
was decanted and centrifuged at 10,000 x g for 15 
minutes. The resulting sediment was resuspended 
in 15 to 30 ml of the sucrose-buffer-EDTA solution 
and centrifuged at 10,000 x g for 15 minutes. The 
extract was assayed by the manometric procedure. 
The mitochondria obtained from the sample of fresh 
roots (414 g¢) contained 560 manometric units of suc- 
cinic dehydrogenase and had a specific activity of 
0.85. The sediment was mixed in the centrifuge tube 
with cold (—20C) acetone, transferred immediately 
to a Waring blendor containing 200 ml of cold acetone 
(—20C) and blended for 30 seconds. The suspen- 
sion was filtered through No. 1 Whatman filter paper 
ina small Buchner funnel. The filter cake was trans- 
ferred to a Waring blendor and blended with 200 ml 
of cold acetone. After filtering, the residual solvent 
was removed by evacuation for 2 hours at 0 to 4C. 
The yield of dry acetone powder of bean mitochondria 
was 0.3 g¢ per 100 g of fresh roots. The dry powder 
was stored at —20 C in an evacuated flask containing 
anhydrous calcium sulfate. 

For preparing the enzyme extract a 2% suspen- 
sion of acetone powder in 0.06 M tris [tris(hydroxy- 
methyl )aminomethane] buffer (pH 7.6) was homo- 
genized for 10 minutes in a glass homogenizer. The 
suspension was transferred to a beaker, stirred an 
additional 20 minutes, and centrifuged at 25,000 x g 
for 30 minutes. Extraction of the acetone powder 
(1.26 g) obtained from 414 g of fresh roots yielded 
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a total of 152 manometric units of succinic dehydro- 
genase with a specific activity of 1.28. 

When larger amounts of enzyme extracts were 
prepared, the roots were homogenized for 45 seconds 
in a Waring blendor rather than with mortar and 
pestle. This procedure resulted in slightly less yield 
per gram of fresh roots than when ground with 
mortar and pestle. 

An experiment was conducted to determine if the 
enzyme obtained by the described extraction procedure 
was ina soluble form. An acetone powder of mito- 
chondria was extracted by the procedure previously 
described. After centrifuging the extract (19 ml) 
for 30 minutes at 25,000 x g an aliquot was assayed 
by the manometric procedure, and the extract was 
centrifuged again for 2 hours at 108,000 x g ina 
Spinco centrifuge (Summarized in table I). Since 


TABLE I] 


DIFFERENTIAL CENTRIFUGING OF ENZYME ExXtTRACT* 








SPECIFIC 
Vot ToTAL PROTEIN ACTIVITY 
CENTRIFUGATION 


(ml)  uNntts (mg/ml) (UNITS/mg 
PROTEIN ) 
25,000 «x g for 19 41.5 1.4 1.5 
30 min 
108,000 x g for 19 38.2 1.1 1.8 


2 hr 


* The samples were assayed by the standard colori- 
metric assay procedure. 


92 % of the activity was recovered in the supernatant 
after the high speed centrifugation, it seems logical 
to conclude that the preparation was soluble. The 
small loss of total units could have been due to de- 
naturing the enzyme during centrifugation. 


PREPARATION OF SoLuBLE Succinic DEHyYpRO- 
GENASE From LEAves oF NICOTIANA TABACUM: 
Soluble succinic dehydrogenase was prepared from 
tobacco leaves by the same procedure used to prepare 
the enzyme from bean roots except that mitochondria 
of tobacco leaves were prepared by the procedure 
described by Pierpoint (6). The total units and 
specific activity of soluble enzyme extracts from to- 
bacco leaves were approximately 15 % of the respec- 
tive values for the enzyme extracts from bean roots. 
Specific activity of succinic dehydrogenase in the 
tobacco leaf mitochondrial preparations was also ap- 
proximately 15 % of the specific activity of the enzyme 
from bean root mitochondria. This suggests that 
there is little difference in the efficiency of extraction 
of the enzyme from the acetone powders of the re- 
spective plant materials. 


PARTIAL PURIFICATION OF StccINIc DEHYDRO- 
GENASE: Attempts to purify plant succinic dehydro- 
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RECIPROCAL x 10~ OF SUCCINATE CONCENTRATION 


Fic. 1. pH Optimum of bean root succinic dehydro- 
genase. The standard colorimetric assay procedure was 
used with variation in pH of phosphate buffer as indicated. 

Fic. 2. Effect of succinate concentration on enzyme 
activity. The colorimetric assay procedure was used with 
0.1 ml of partially purified bean root extract containing 
0.4 mg protein per ml. 

Fic. 3. A reciprocal plot of succinate concentration 
versus reaction velocity for soluble bean root succinic de- 
hydrogenase. The data were taken from figure 2. 
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HIATT—SOLUBLE SUCCINIC DEHYDROGENASE FROM HIGHER PLANTS 


genase by the procedure used to purify the beef heart 
enzyme (7) were unsuccessful. Partial purification 
of the bean root and tobacco leaf extracts was obtained 
by using a calcium phosphate gel-cellulose column 
at 0 to 4C. The enzyme extract was placed on a 
column (2 cm diam) prepared with 12 g of powdered 
cellulose, 60 ml of 10 mg/ml calcium phosphate gel, 
and 60 ml of deionized water. After the enzyme 
extract was placed on the column, it was washed 
with 200 ml of deionized water followed by 200 ml 
of 0.01 M potassium phosphate buffer, pH 7.6. Suc- 
cinic dehydrogenase was then eluted from the column 
with 0.03 Mm potassium phosphate buffer, pH 7.6. The 
effluent was collected in 10 ml increments and assayed 
colorimetrically for succinic dehydrogenase. The 
fractions with the highest specific activities were com- 
bined and brought to 50 % of saturation at 0 C with 
ammonium sulfate. The precipitate was collected by 
centrifugation and dissolved in a small volume of 
0.01 mt tris buffer, pH 7.6, and dialyzed against 1 X 
10-° m tris buffer, pH 7.6, for 3 hours. This pro- 
cedure resulted in a 6- to 8-fold purification with a 
recovery of 15 to 20 % of enzyme activity. This ex- 
tract will hereafter be referred to as partially purified 


enzyme. Crude enzyme extracts were unstable; they 
rapidly lost activity when stored at 0C. Dialyzed 
partially purified enzyme extracts lost very little 


activity when stored for 6 weeks at —15C. 


Optimum pH: All data subsequently presented 
were obtained by using the colorimetric assay pro- 
cedure. The effect of pH of the assay medium upon 
the activity of partially purified succinic dehydro- 
genase is shown in figure 1. To obtain these data 
we used bean root succinic dehydrogenase and 0.05 Mm 
potassium phosphate buffer. The tobacco leaf en- 
zyme produced a curve almost identical to that in 
figure 1. A rather sharp optimum was observed at 
pH 7.4; activity was reduced markedly as the pH of 
the assay medium was increased or decreased from 
the optimum. The pH optimum of 7.4 compares 
with a pH optimum of about 7.8 for the beef heart 
enzyme (7) and the yeast enzyme (8). 


EFFECT OF SUCCINATE CONCENTRATION: Figure 2 
shows the effect of succinate concentration on activity 
of the partially purified bean root enzyme. Satura- 
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tion of the enzyme from bean roots and tobacco leaves 
by succinate was attained at a concentration of 0.02 M. 
The data from figure 2 are plotted in figure 3 accord- 
ing to the method of Lineweaver and Burk (4). The 
Michaelis constant (Ky) for succinate was calculated 
from figure 3 to be 1 X 107*M at 30C and pH 744. 
The Michaelis constant of tobacco leaf succinic de- 
hydrogenase was approximately the same under simi- 
lar conditions. In comparison, Michaelis constant 
values for the beef heart (7) and yeast (8) enzymes 
were reported to be 1 to 1.2 x 107° at pH 7.6 and 
38 C. 


Errect OF PMS & 2,6-DICHLOROPHENOLINDO- 
PHENOL CONCENTRATION: Figure 4 shows the effect 
of PMS concentration on succinic dehydrogenase ac- 
tivity. Maximum activity was produced with a con- 
centration of approximately 0.4 mg/ml of PMS. The 
effect of concentration of 2,6-dichlorophenolindo- 
phenol on activity is shown in figure 5. 


EFFECT OF INHIBITORS ON Activity: Partially 
purified succinic dehydrogenase from bean roots was 
competitively inhibited by malonate. The K, for 
malonate was calculated to be 2.4 x 1074 at pH 7.4 
and 30C. The enzyme is sensitive to sulfhydryl re- 
agents. Activity of the unpurified enzyme was in- 
hibited 75 % by 1 * 1075 p-hydroxymercuribenzo- 
ate in the absence of cyanide. The inhibition by 
p-hydroxymercuribenzoate was reversed completely 
by 1 x 107° M potassium cyanide. 


INFLUENCE OF SUCCINATE & PHOSPHATE ON AC- 
tivity: Kearney (2) reported that preparations of 
succinic dehydrogenase from beef heart were activated 
by phosphate and succinate. To obtain enzyme ex- 
tracts which were low in phosphate, mitochondria 
were isolated in a medium in which 0.1 ™ tris was 
substituted for phosphate. After extracting the ace- 
tone powder the enzyme extract was dialyzed for 4 
hours against 1 x 107° tris buffer, pH 7.6. Add- 
ing phosphate to the tris-buffered assay medium con- 
taining the low-phosphate extract did not increase 
succinic dehydrogenase activity of either the bean 
root or tobacco leaf extract. 

Since Kearney (2) had suggested that the pres- 


ence of substrate and acceptor interferes with the 


TABLE II 











EFFECT OF PREINCURATING SUCCINIC DEHYDROGENASE* 
Activity** x 108 AFTER PREINCUBATING WITH: 

— me Wig, "na oe F Is + Puos HAT /- @ LYCYLGLYCINE 
No. : ’ : ee — RIS HOSPHATE I ; Yi 
4 TrIs PHOSPHATE GLYCYLGLYCINE eneeniaine egies 41. socemase 
1 20 18 18 30 41 42 
2 22 20 23 30 4] 43 
3 24 26 25 41 47 46 


* Enzyme extracts were selbieelinaa for 20 minutes at 25 C and pH 7.4 with 0.1 ™M concentrations of ities 


tris and glycylglycine, 
standard colorimetric assay procedure. 
of succinate in each assay mixture. 


with and without 0.1 _M succinate. 
The succinate concentration was adjusted to give 


** Activity is expressed as the decrease in optical density per 30 seconds under the standard assay conditions. 


The extracts were assayed in phosphate buffer by the 
e the same final concentration 
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CONCENTRATION OF TRIS OR PHOSPHATE ( MOLARITY) 


Fic. 4. Effect of N-methyl phenazonium 
(PMS) concentration on enzyme activity. 


sulfate 
The colori- 
metric assay procedure was used with 0.1 ml of partially 
purified bean extract containing 0.5 mg protein per ml. 

Fic. 5. Effect of 2,6-dichlorophenolindophenol con- 
centration on enzyme activity. The colorimetric assay 
procedure was used with 0.1 ml of partially purified bean 
extract containing 0.4 mg protein per ml. 


PLANT PHYSIOLOGY 


activation, bean root enzyme extracts were pre o- 
cubated for 20 minutes at 25 C and pH 7.4 with 0.1 x1 
concentrations of phosphate, tris, or glycylglyci:e, 
with and without 0.1 mM succinate. After preincul :- 
tion the extracts were cooled to 0C and assayed sy 
the standard colorimetric assay procedure. The d:ta 
in table II indicate that succinic dehydrogenase \ 1s 
not activated by phosphate when the enzyme was pre- 
incubated in the absence of succinate. Extracts pre- 
incubated in water or not preincubated exhibited ac- 
tivity corresponding to extracts preincubated in tris, 
phosphate and glycylglycine in the absence of suc 
cinate. Similar results were obtained with tobac 
leaf succinic dehydrogenase. 

Preincubation of the extracts at 25C with 0.15 
succinate (table II) markedly increased enzyme ac 
tivity. Activity was not increased when the enzyme 
was preincubated with succinate at 0C. Succinate 
activation in the presence of tris was only about half 
the succinate activation in the presence of phosphate 
or glycylglycine. This might suggest that phosphate 
and glycylglycine stimulate enzyme activity when suc- 
cinate is present in the preincubating medium, or that 
tris retards activation by succinate. 

To determine if tris retards succinate activation 
of succinic dehydrogenase, low-phosphate extracts 
were preincubated for 20 minutes at 25 C and pH 7.4 
with 0.1 M succinate and varying concentrations of 
tris or phosphate. The preincubated extracts were 
assayed by the standard colorimetric assay procedure. 
(fig 6). Activation by succinate was reduced ap- 
proximately 60% by 0.1 ™ tris, while succinate ac- 
tivation was influenced very little by phosphate. In 
another experiment succinic dehydrogenase activity 
was reduced approximately 10% when _ phosphate 
buffer was replaced by tris buffer in the standard 
assay medium. 


DiscuUSSION 


Although considerable knowledge of succinic de- 
hydrogenase has been gained through studies of the 
succinic oxidase system associated with mitochondria 
of plant tissues, definitive information on the proper- 
ties of succinic dehydrogenase itself could not be 
gained by investigations involving the succinic oxi- 
dase chain. The solubilization of succinic dehydro- 
genase from plants has permitted the study of some 
properties of the enzyme without interference by other 
members of the succinic oxidase chain. 

The optimum pH of 7.4 for succinic dehydrogenase 
from bean roots and tobacco leaves is lower than the 
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Fic. 6. Effect of tris and phosphate on the activation 
of succinic dehydrogenase by 0.1 ™M succinate. The en- 
zyme extract was preincubated for 20 minutes at 25 C 
with 0.1 _M succinate and varying concentrations of tris 
and phosphate. The colorimetric assay procedure was 
used with 0:1 ml of low-phosphate bean root extract con- 
taining 3 mg protein per ml. 
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HIATT—SOLUBLE SUCCINIC DEHYDROGENASE FROM 


optimum of pH 7.8 for the enzyme from beef heart 
and yeast. The apparent affinity (Ky) of the bean 
and tobacco enzymes for succinate, however, did not 
differ greatly from the apparent affinity of the yeast 
and beef heart enzymes for succinate. The enzyme 
requires sulfhydryl groups for activity as indicated 
by p-hydroxymercuribenzoate inhibition and its re- 
versal by cyanide. 

Unlike succinic dehydrogenase from beef heart, 
the enzyme from bean roots and tobacco leaves is not 
activated by phosphate. Succinate activates succinic 
dehydrogenase from these plants but this activation 
requires preincubation of the enzyme with succinate. 
This activation was essentially complete after 10 
minutes at 25 C but no activation occurred when the 
enzyme was preincubated with succinate for 20 
minutes at 0C. 

Reduced enzyme activity in the presence of tris 
buffer as compared with phosphate buffer does not 
appear to be due to activation by phosphate. When 
added to the tris-buffered assay mixture, phosphate 
does not increase enzyme activity. Also, activity 
measurements in glycylglycine buffer produced activi- 
ty rates equal to measurements in phosphate buffer. 
The reason for tris interference with succinate activa- 
tion is not clear. The 10% reduction in activity 
when the enzyme was assayed with tris buffer rather 
than phosphate buffer might be explained on the basis 
of tris interference with succinate activation, since 
the enzyme is inevitably in contact with buffer and 
succinate for a period of approximately 30 seconds 
before the reaction is started by adding phenazine 
methosulfate. This time delay could allow for a small 
degree of activation. The effect of tris buffer on 
enzyme activity may have been due to the anion 
(Cl-) added to adjust the pH to 7.4. However, 
enzyme activity was not affected by 0.1 a KCl when 
added to the phosphate buffered assay medium. 

On the basis of data reported in this paper, there 
appears to be little difference between the properties 
oi succinic dehydrogenase from young bean roots 
and from tobacco leaves. 


SUMMARY 


Succinic dehydrogenase was obtained in a soluble 
form from bean roots (Phaseolus vulgaris L.) and to- 
bacco leaves (Nicotiana tabacum L.) by extracting 
an acetone powder of mitochondria with dilute buffer. 
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HIGHER PLANTS 


The enzyme was partially purified and some of its 
properties studied. 

Succinic dehydrogenase from these plants exhibit- 
ed a rather sharp pH optimum at approximately pH 
7.4. The Ky of the enzyme for succinate was 1 X 
10-* m at 30C and pH 7.4. Malonate competitively 
inhibited succinic dehydrogenase and the K, for mal- 
onate was 2.4 x 107-4 at 30C and pH 7.4. En- 
zyme activity was reduced 75% by 1 X 107-°M 
p-hydroxymercuribenzoate. 

The enzyme from bean roots and tobacco leaves 
was activated by succinate, but phosphate did not 


stimulate activity. Tris buffer retarded succinate 
activation of succinic dehydrogenase. 
Enzyme extracts from bean roots and _ tobacco 


leaves exhibited similar properties. 
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METABOLITES OF 2,4-DICHLOROPHENOXYACETIC ACID FROM BEAN STEMS! 
MICHAEL K. BACH 2 
RESEARCH DEPARTMENT, UNIoN CARBIDE CHEMICALS ComPANY, SoutH CHARLESTON, WEST VIRGINIA ® 


There is considerable contradiction in the litera- 
ture concerning the nature and number of radioactive 
metabolites which can be isolated from bean plants 
following exposure to C'4-labeled 2,4-dichlorophen- 
oxyacetic acid (2,4-D). Thus the isolation of one 
principal product which was water-soluble and ether- 
insoluble has been reported (8,9,10), while on the 
other hand, Weintraub et al. (17) have suggested 
that there is an extensive metabolism of the side-chain 
of 2,4-D, yielding a multiplicity of products. The 
acid hydrolysis of the water-soluble material gives 
rise to a radioactive, ether-soluble product. which has 
been variously identified as 2,4-D (9) or as a sub- 
stance different from 2,4-D and possibly 6-hydroxy- 
2,4-dichlorophenoxyacetic acid (6-OH-2.4-D) (8) 
suggesting that metabolism of the ring occurs. Wein- 
traub (15) has presented evidence that, in micro- 
organisms, one of the chlorine atoms of the 2,4-D is 
lost. The report by Butts and Fang (6) of the pres- 
ence of 12 amino acids in the hydrolysis product of 
the ether-insoluble material suggests the formation 
of amino acid conjugates of the metabolites of 2,4-D 
as well. 

In connection with a study of the induction of 
callus growth in bean stem sections by 2,4-D (2,3), 
several metabolites of this growth substance were 
found. The isolation and attempted characterization 
of these metabolites is presented in this paper. A 
preliminary report has been published elsewhere (4). 


EXPERIMENTAL 


GrowTH, Exposure, & ExtTRAcTION OF BEANS. 
The beans [Phaseolus vulgaris (L.) var. ‘Giant 
Stringless Pod Bean’] were purchased locally and 
grown in the greenhouse as described previously (3). 
Stems were harvested when approximately four weeks 
old, and all leaves, petioles, and developing flower 
stalks were removed. The stems were briefly washed, 
cut into 6 inch lengths, and vacuum infiltrated with 
a 2% sucrose solution containing 10~-4* m 2,4-D-1-C" 
(2-22 mc/mmole). The excess infiltration solution 
was removed from the stems by draining and by 
evaporating with the aid of a blower. The surface 
of the dried stems was sterilized by immersion in a 


1 Received Feb. 14, 1961. 

* Present address: Research Division, The Upjohn 
Co., Kalamazoo, Mich. 
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10 % solution of Chlorox for 2 minutes, followed by 
two successive rinses in sterile distilled water. T! ey 
were then incubated at room temperature for 3 d:ys 
in the dark with their basal ends dipping into 100 ml 
modified White’s liquid medium (3) in sterile, wicle- 
necked 500 ml Erlenmeyer flasks which were plugged 
with cotton. 

At the end of the incubation period the stems were 
frozen in liquid nitrogen, dried by lyophilization, and 
stored at —20C. After 200 g of dried stems (about 
four batches) had been accumulated they were passed 
through a granulating machine and the chips packed 
into a large soxhlet extractor. They were then 
moistened with ca. 50 ml water and extracted for 
24 hours with acetonitrile. At this time a second 
addition of water was made, and the extraction con- 
tinued for another 24 hours. This method of extrac- 
tion was used (in preference to alcohol) because it 
had been found to give almost quantitative extraction 
of radioactivity while minimizing the extraction of 
other cell constituents. 


ETHER-SOLUBLE Fraction. The acetonitrile and 
most of the water were removed from the initial ex- 
tract by evaporation under reduced pressure. The 
concentrate, after adjustment to pH 2 with HCl, was 
extracted five times with equal volumes of ether. A 
precipitate which formed in the water layer was re- 
moved by centrifugation, washed with acidified, ether- 
saturated water, and then discarded. The ether layer 
was pooled, washed once with water, dried over an- 
hydrous Na,SO,, and concentrated under nitrogen. 
All the solutions were stored at —20C. 

The ether extract was partitioned in a 100 tube 
automatic counter-current distribution (CCD) ap- 
paratus (E-C Apparatus Co., Swarthmore, Pa.) be- 
tween 1 M sodium phosphate buffer, pH 5.1, and ether 
(8). The ether layers from CCD were collected and 
evaporated to dryness. Two milliliters of methanol 
were added to the dry samples and aliquots plated and 
counted. The solutions corresponding to a single 
peak of radioactivity were pooled and the radioactivity 
recovered from the correspondingly pooled aqueous 
layers by acidification and extraction with ether. 

The pooled CCD fractions were chromatographed 
on Whatman No. 1 filter paper in a descending man- 
ner using the system m#-butanol-butanone-triethyla- 
mine-water (20:20:2:10 v/v/v/v) (solvent A). 
Compounds were eluted from paper with 50 % aque- 
ous methanol. The following tests were carried out 
on these eluates. 
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Hydrogenations were carried out in 15 ml War- 
burg flasks. The samples were placed in the side- 
arin and 10 mg PtO suspended in 2 ml methanol in 
the main chamber. After the catalyst was saturated 
with H,, the reaction was allowed to proceed for 24 
hours at 25C. The catalyst was removed by centri- 
fugation and washed once with methanol. The 
methanol solutions and washings were concentrated 
for further use. 

For HI cleavage of ether linkages the solutions 
were placed in 50 ml pear-shaped flasks and evapor- 
ated to dryness. A small amount of monoiodoacetic 
acid was added as carrier to aid in isolation, followed 
by 0.2 ml 57% HI from a freshly opened bottle. 
The mixture was refluxed in an oil bath for 4 hours, 
cooled, and then reacted with an excess of saturated 
CuSO, solution in 1% HCl. Both the I, which was 
formed and the organic acids were extracted into 
ether. The organic acids were recovered by extract- 
ing the ethereal solution with 5 % NaHCO, solution. 
The radioactive reaction products were finally re- 
covered with sufficiently low I, contamination by 
acidifying the NaHCO, solution and repeating the 
ether-NaHCO, extraction cycle. The solutions were 
concentrated to a small volume maintaining alkalinity 
throughout this step. The concentrates were chro- 
matographed on paper in n-butanol saturated with 
1.5 ~ NH,OH in a descending manner. 

Reactions with monochloroacetic acid, benzoyl 
chloride, KMnO,, Br., and alkali were carried out 
as described by McElvain (13) using a tenth the 
quantities of reagents. Reaction times for the last 
three reactions were 30 minutes, 10 minutes, and 2 
hours, respectively. The unreacted benzoyl chloride 
was decomposéd with solid NaHCO, and a few drops 
of water, and the remaining KMnO, and Br. with 
solid NaHSO,. The solutions were acidified with 
HCl and the organic acids extracted into ether as 
described above. 


ETHER-INSOLUBLE EXTRACT. The aqueous resi- 
due from the acetonitrile and ether extractions was 
immediately neutralized with dilute KOH and con- 
centrated to a small volume in vacuo. The syrupy 
concentrate was divided into two equal volumes and 
each was put on a 17 x 90 mm column of Dowex-1x8 
(formate, 200-400 mesh). Elution with a gradually 
increasing concentration of formic acid was accom- 
plished as described by Busch et al. (5). The mix- 
ing flask contained 450 ml water and the second 
flask contained 8.0 m formic acid. Twenty milliliter 
fractions were collected. The radioactive peaks were 
pooled as rapidly as possible and concentrated to dry- 
ness under reduced pressure. 

A solution of the major radioactive component 
from the Dowex-1 column was dried onto 1.25 g of 
washed silicic acid in a vacuum desiccator. This 
material was applied to the top of a 12.5 g, 100 mm 
column of water-saturated silicic acid. The radio- 
activity was eluted with a water-saturated mixture of 
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35 % n-butanol and 65 % chloroform (v/v). 
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Paper chromatography was carried out using sol- 
vent A. In addition the material was run with 
n-butanol-propionic acid-water (12: 5.6:8 v/v/v) as 
described by Jaworski et al. (10) (solvent B) to con- 
firm the identity of the preparation with the previous- 
ly reported material from unhydrolyzed bean extract. 


PROPERTIES OF PURIFIED METABOLITES. Distri- 
bution coefficients of the major Dowex-1 fraction 
were determined for different solvent systems in 
single tube experiments by shaking small aliquots with 
equal volumes of the pre-equilibrated solvents. Fol- 
lowing CCD experiments the aqueous layers were 
acidified and extracted three times with butanone. 
For determining radioactivity this solvent was evap- 
orated to dryness, and the residue was dissolved in a 
small volume of water, plated, and counted. 

An acid hydrolysis of the major Dowex-l fraction 
was carried out by reacting a solution of this material 
in 1 N HCl for 3 hours on the steam bath. The prod- 
uct was extracted five times with ether, and the ether 
extract was dried and concentrated. The aqueous 
residue from the extraction was evaporated to dry- 
ness several times with the intermittent addition of 
water to remove the HCl, and used for the chromat- 
ographic identification of the amino acids which 
were present. For this purpose the following sol- 
vents were used: solvent system B, benzyl alcohol- 
acetic acid-water (50:10:13 v/v/v) (11), phenol- 
phosphate buffer, pH 12 (11), and butanol-acetic acid- 
water (4:1:5 v/v/v, organic layer). The first 
two solvents were used in a descending manner, while 
the last two solvents were used for two dimensional 
separations which were carried out in an ascending 
manner. 


RESULTS 


ETHER-SOLUBLE Fraction. A summary of the 
purification steps used on the ether-soluble portion of 
the bean extract is illustrated in figure 1. The Ry 
values and distribution coefficients (18) of the frac- 
tions as well as their relative concentrations are 
shown. The figures in the square boxes are the 
fraction numbers. Note that 60% of the total 
radioactivity of the ether extract is represented by 
one component (fraction 8). A second component 
(fraction 10) accounted for another 20%, and the 
remaining eight components accounted for only 20 % 
of the total radioactivity. None of these compounds 
was volatile as was suggested by Weintraub (17). 

A typical CCD pattern for the total ether extract 
is shown in figure 2. The results were corrected for 
the amount of radioactivity remaining in the aqueous 
layers at equilibrium. Four components were found. 
Fraction 1 is plotted at one quarter of its actual 
height. The disproportionate width of fraction 2 
suggested that this material was heterogeneous. A 
rerun of this peak through 300 transfers resulted in 
almost complete separation into fractions 5 and 6. 

Paper chromatography of the six CCD fractions 
resulted in separation of the radioactive peaks from 
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% of Total 34.1 142 4 
Distribution Coeff. 6.i4 63 0.06 
300 transfer, 100 tube CCD 

as cbove 

[s} [6] 
% of Total 10.8 33 

| 
aper chromatography solvent A 


% of Total 7 324 024 10 
Ry 096 078 O75 040 0.53 


sage oases 


O37 027 


Fic. 1. Purification scheme of ether-soluble metabo- 
lites of 2,4-D-1-C'4. The percentage figures indicate 
percentage of total radioactivity in the extract which was 
found in the fractions. Figures in square boxes refer to 
fraction numbers. 


the yellow color which had accompanied them up to 
that point. The small amounts of some of the isolated 
fractions which were available prevented their further 
examination. Others proved to be quite unstable. 
When fractions 14 and 15 were rechromatographed 
after a few weeks’ storage, their R; values had 
changed and had become indistinguishable. It is 
possible that some of the eight minor fractions were 
degradation products of the two major components 
or possibly represented an original third major com- 
ponent. 

An investigation of the chemical properties of the 
isolated fractions was preceded by a study of the 
proposed reactions with model compounds. Benzoyl- 
ation and the reaction with chloroacetic acid went to 
completion when 6-OH-2,4-D was used as a test com- 
pound. As anticipated, malic and citric acids were 
completely benzoylated but their aliphatic hydroxyl 
groups were not attacked by chloroacetic acid. The 
phenoxy group of 2,4-D was very rapidly attacked 
by bromine. For this reason this test was used pri- 
marily as supporting evidence for the presence of 
this group rather than serving as supporting evidence 
for aliphatic unsaturation. In conjunction with 


benzoylation, the reaction with KMn0O, was used o 
indicate possible aliphatic unsaturation. 

It was found that hydrogenation with PtO, 5s 
contrasted to Pd on carbon, went to 80% of co: .- 
pletion with 8-chloro-cis-crotonic acid but did ot 
attack 2,4-D. This was evidenced by the ultravi« ot 
absorption spectrum of the products, their Ry vaiue 
in solvent and micro titrations using bromthyn.o] 
blue as indicator. This indicator turns red in tiie 
presence of HCl. Under the conditions used tie 
dehydrochlorination of only 10 % of the added chlor.- 
crotonic acid would have produced this color chang 

The test for the ether linkage by cleavage wiih 
HI did not give conclusive results in all cases because 
of the large mechanical losses of radioactivity during 
the isolation of the reaction products. Therefore, tlie 
results of the bromination test were also considered in 
arriving at a conclusion. It is noteworthy that in 
every instance the products obtained from the bean 
ractions with HI differed chromatographically from 
those from authentic 2,4-D (table I). 

The occurrence of several products in benzoylation 
and in the reaction with chloroacetic acid was un- 
expected. This may indicate that these materials 
possessed several active groups or the presence of 
more than one component in each fraction. It should 
be noted that fraction 8, the major metabolite of 
2,4-D, was chromatographically indistinguishable 
from 2,4-D in some 30 different solvents as well as 
in CCD experiments. However, it clearly differed 
from 2,4-D by its reaction with benzoyl chloride and 
lack of reaction with bromine (table IT). 


ErHerR-INSOLUBLE Fraction. The _ purification 
steps used on the ether-insoluble fraction are shown 
in figure 3. The elution pattern of this fraction 
from a colum of Dowex-l (formate) is shown in 
figure 4. The recovery of radioactivity from this 
column was in excess of 90%. The main peak of 


activity (fraction 18) represents almost all this radio- 
Fraction 17 does not seem to be 


activity (95%). 
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Fic. 2. Countercurrent distribution of ether-soluble 
metabolites of 2,4-D between ether and 1™M phosphate 
buffer, pH 5.1. 
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BACH—METABOLITES OF 


2,4-D FROM BEAN STEMS 


TABLE I 
Propucts oF REACTION oF ETHER-SOLUBLE RapIoactive 2,4-D Metaso.ires WitH AtxKaut, HI, & H, 








R, OF MAJOR PRODUCTS IN ORDER OF RELATIVE ABUNDANCE** 








REAGENT 

FRACTION® HI*** None*** H,/PtOt+ NaOH} Nonet+ 
~ 24-D-1-C14 0.12, 0.42 0.42 19 19 19 

7 0.92 0.92 oe ae 19 

8 0.50, 0.16, 0.72 0.51 6.3 6.30 9.0 

9 0.51, 0.26, 0.15, 0.60 0.55 en ad 1.6 

10 0.51, 0.72, 0.45, 0.41, 0.31 0.07 1.40 1.6 1.6 

11 0.30, 0.37, 0.55, 0.85 0.08 0.25, 2.6 7.2 1.13 

12 - “i 

13 ) 0.06 

14 0.01 0.43 0.01 

15 23 

16 J 5.7 





* See figure 1 for classification of fractions. 





** R, corresponding to unreacted starting material, as confirmed by co-chromatography, is underlined. 
*** Reaction products were chromatographed in butanol saturated with 1.5" NH,OH. 
+ Distribution coefficients between ether and 1M phosphate buffer, pH 5.1, in a 25 transfer countercurrent dis- 


tribution experiment. 


bound to the resin at all. The very small amounts of 
this fraction and its gross contamination with sugars 
made it impossible to characterize the ether-insoluble 
hydrolysis products which were obtained from it. 
The radioactive hydrolysis products were only slight- 
ly soluble in ether and continuous extraction for 24 
hours was required for their complete removal from 
the acid aqueous phase. The R, values in solvent A 


and solubilities in ether of fractions 26 and 27 closely 
resembled those of fractions 14 and 16. It seems 
reasonable to conclude that fractions 26 and 27 were 
identical to fractions 14 and 16, respectively. 

The main peak on the Dowex-l columns (fraction 
18) was partly resolved into two components. Under 
the mild conditions of the chromatography, both these 
components were stable in formic acid. Chromatog- 


TABLE II 


Propucts OF REACTION OF ETHER-SOLUBLE RADIOACTIVE 2,4-D METABOLITES 
WitH Various FuNcTIONAL Group SPECIFIC REAGENTS 














R, OF MAJOR PRODUCTS IN ORDER OF RELATIVE ABUNDANCE** 














REAGENT —- —_—_—_ —— 

FRACTION® None rool vets gas + KMn0, Br, WATER 
2,4-D-1-C14 0.80 0.80 0.80 0.80 0.15, 0.43, 0.96 
7 0.96 0.96 0.30, 0.45, 0.55 0.00, 0.16 0.96 
8 0.78 0.96 0.78 trace at 0.55 0.78, 0.00, 0.16 0.78 trace at 0.05 
9 0.75 0.40, 0.97, 0.75, 0.44, 0.76 0.00, 0.76 0.76, 0.10, 0.44, 

0.84 0.80, 0.95 
10 0.40 0.28, 0.69, 0.86, 0.45, 0.72, 0.84, 0.05, 0.00, 0.15, 0.40 0.13, 0.35, 0.82, 
0.97 0.20-0.30 0.90 
11 0.42 trace at 0.81 0.91, 0.68 0.45, 0.76 0.07, 0.25, 0.77, 0.14, 0.44, 0.76, 
pian 0.92 0.85 
12 0.53 traces at 0.22, 0.85, 0.48, 0.98 0.57, 0.44, 0.78, 0.01, 0.53, 0.20, 0.15, 
0.34 0.28 + other traces 0.00, 0.08, 0.95 
13 0.85 oe 0.51, 0.74 0.25, 0.76, 0.97 
14 0.52 traces at 0.33 0.97, 0.80, 0.05 0.43, 0.25 traces at 0.72 ... 
15 0.57 traces at 0.25, 0.36, 0.10, 0.12, 0.40, 0.61, 0.74 
0.41 0.17, 0.83 
16 0.27 No recovery of or 
radioactivity 





* See figure 1 for classification of fractions. 


**R, corresponding to unreacted starting material 
is underlined. Solvent A was used throughout. 


(compare 2nd column), as confirmed by co-chromatography, 
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% of Tote! 03 “7 0-8 4-32 
Fic. 3. Purification of ether-insoluble metabolites of 
2,4-D. 


raphy of fraction 18 on silicic acid removed a major 
portion of the color which accompanied this material 
through the previous purification steps but did not 
effect any separation of the radioactive components. 
Recovery of radioactivity from the silicic acid was 
essentially quantitative. The separation of fraction 
18 on charcoal (4) was not complete but sufficient to 
demonstrate the heterogeneity of the original material. 





counts per minute x107> 
" w 
T | 


T 





[ Fear 














400 mi. eluted 
Fic. 4. Elution pattern of ether-insoluble metabolites 

of 2,4-D from a Dowex-1 (formate) column using a 

gradually increasing concentration of formic acid as eluent. 


Distribution coefficients for fraction 18 were «e- 
termined in several solvent systems using butano 
2-methyl-4-pentanone, 2-heptanone, various butyl a 
amyl alcohols, and various ethers as the orgai 
phases and phosphate buffers (pH 3-7) as the aqueo:s 
phases. Attempts to resolve fraction 18 by CCD 
using some of these solvent pairs failed in all cases 
even though useful distribution coefficients had been 
found. Similarly no resolution was achieved by t 
use of high-voltage paper electrophoresis (pH rang 
2.5-9.8). 

Of some 25 different solvents for paper chromatog- 
raphy only solvent A effected a separation into six 
poorly resolved peaks which covered most of the 
paper. Elution of the peaks and rechromatography 
in the same solvent resulted in distinct peaks, each 
having a characteristic R; value. Figure 5 shows 
the radioactivity tracing of a chromatogram to which 
were applied aliquots of fractions 20 to 24. Each of 
these fractions had an R, value of 0.5 in solvent B, 
thus confirming that they were unchanged subfrac- 
tions of the original ether-insoluble extract. Acid 
hydrolysis of these fractions completely converted the 
radioactivity into an ether-soluble form (fig 3). 
Chromatography and CCD of the ether extracts 
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Fic. 5. Radioactivity tracing of a paper chromato- 
gram of fractions 20 to 24 developed in Solvent A. 


showed the presence of only two components (frac- 
tions 28 & 29); their identity with fractions 8 and 
10, respectively, was confirmed by co-chromatog- 
raphy with authentic samples. In addition, the prod- 
ucts obtained from fractions 28 and 29 after reaction 
with benzoyl chloride, chloroacetic acid, and KMnO, 
were identical to those obtained from fractions 8 and 
10, respectively. 

Fractions 20 to 25 differed in the relative amounts 
of the two radioactive products which they contained. 
This distribution is shown in table III. While frac- 
tion 8 was more abundant in the original ether ex- 
tract, fraction 10 was predominant in the hydrolyzed 
ether-insoluble fractions. 
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Paper chromatography of aliquots of the aqueous 
layers from the hydrolysis of fraction 20 to 25 and 
‘om the fractions obtained by chromatography on 
charcoal (4) revealed the presence of at least 10 
The following 
compounds were identified by co-chromatography 
with known amino acids in four different solvents: 
aspartic acid, glutamic acid, glycine, alanine, serine, 
tyrosine, phenylalanine, and leucine or isoleucine. 
[dentification of the other amino acids present was 
prevented by the small amounts of material which 
were available. 


DISCUSSION 


Our previous results had clearly demonstrated the 
aerobic nature of 2,4-D metabolism, the requirement 
for sucrose, and the time parameters involved (2). 
Furthermore, we had demonstrated the very limited 
transport of radioactivity from the point of applica- 
tion of 2,4-D, and the difference in response to the 
herbicide between stem tissue and leaf petioles (3). 
It was felt for these reasons that vacuum infiltration 
offered the only workable method for uniformly ex- 
posing large amounts of tissue. In view of the large 
number of metabolites of 2,4-D which have been re- 
ported in the literature, there is concern whether 
some of these might be due to the action of micro- 
organisms. Under the conditions used in the experi- 
ments described here, it did not prove possible to 
maintain sterility. However, visible contamination 
was generally small, and isolated products were iden- 
tical to those obtained in small-scale experiments un- 
der completely aseptic conditions (2) in as far as 
these were ‘characterized. Thus, the metabolites 
which were isolated are likely to have originated from 
the metabolism of 2,4-D by the plants. 

The results presented here point to the presence 
of two main classes of radioactive metabolites of the 
carboxyl labeled 2,4-D: Compounds which travel 
with R, 0.5 in solvent B and those which move close 
to the solvent front. The slower moving materials 


TABLE III 


ETHER-SOLUBLE Hyprotysis Propucts oF WATER- 
SoLuBLE FRACTIONS OF 2,4-D METABOLITES 
From BeEAns* 








% OF TOTAL RADIOACTIVITY 





FRACTION** FRACTION 28 FRACTION 29 
20 0 100 
21 18 82 
22 17 83 
23 22 78 
24 13 87 
25 5 95 





* Fractions were hydrolyzed with HCl and extracted 
with ether. Ether layers were concentrated and chro- 
matographed in solvent A. Only peaks corresponding to 
fractions 28 and 29, figure 3, were found. 

** See figure 3. 
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were present in the ether-insoluble fraction while the 
faster moving components constituted the ether- 
soluble fraction. Closer examination revealed that 
both these components were mixtures of a number 
of compounds; two compounds (fractions 8 & 10) 
accounted for 80 % of the total radioactivity. 

The demonstration of at least 10 amino acids in 
the hydrolysis of the ether-insoluble fractions sup- 
ports the observations of Butts and Fang (6). The 
assumption that these products were polypeptides is 
difficult to reconcile with their demonstrated be- 
havior on ion-exchange chromatography, paper chro- 
matography, and extraction into organic solvents. 
Thus the detection of many amino acids along with 
two radioactive materials in each of the purified frac- 
tions (20-25) might be explained best if it is as- 
sumed that the purified, ether-insoluble, radioactive 
products were still contaminated with relatively large 
amounts of otherwise bound amino acids, such as, 
for example, amino acid amides of miscellaneous plant 
metabolites, and that there is no direct correlation 
between the amino acids which have been identified 
and the amino acids which were presumably bound 
to the radioactive acids. 

The ether-soluble radioactive metabolites of 2,4-D 
probably did not originate from the cleavage of the 
phenol ether linkage. The product of the reaction, 
glycolic acid, would be incorporated into the normal 
dicarboxylic acids of the plant; but none of these 
acids possessed R,; values in solvent A, similar to 
those of the radioactive compounds. Furthermore, 
the selective formation of amino acid amides of these 
normal plant metabolites is improbable. In view of 
the previously reported slow evolution of C'*O, from 
the radioactive 2,4-D in the beans (2,16) it is also 
unlikely that these acids were derived from the fixa- 
tion of C'4O,. It is concluded, therefore, that at 
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Fic. 6. Postulated pathways for the oxidation of the 
aromatic nucleus of 2,4-D-1-C!4. 











least part of the carbon skeleton of the benzene ring 
remains attached to the radioactive carbon of these 
metabolites of 2,4-D. 

The partial degradation of the benzene ring with- 
out cleavage of the phenol ether linkage, might pro- 
ceed via one of the pathways in figure 6, by analogy to 


the proposed microbial pathways (7). Thus oxida- 
tion via (a) and (c) results in esters of glycolic acid 
which yield radioactive glycolate upon saponification. 
Glycolate had a distribution coefficient of 49 in the 
CCD system. However, no radioactivity was found 
at this location after saponification (table I). More- 
over, substituted chloromuconic acids result from the 
degradation of 2,4-D by any other oxidative path- 
ways, although none of them are very plausible. By 
analogy to B-chloro-cis-crotonic acid these compounds 
should be hydrogenated under the conditions em- 
ployed and the products should differ significantly 
in their solubility properties from the original com- 
pounds. No evidence for significant change upon 
hydrogenation was obtained in any of the fractions. 
It is evident that these mechanisms, by themselves, 
cannot explain the properties of the isolated metabo- 
lites. 

Further examination of table II shows that several 
of the isolated fractions (fractions 8,9,11) formed 
more products on reaction with benzoyl chloride than 
on reaction with chloroacetic acid, suggesting the 
presence of non-phenolic susceptible groups in addi- 
tion to at least some phenolic hydroxyl groups in 
these fractions. Because of their solubility char- 
acteristics and the treatments used during isolation 
it is more likely that these compounds contained ali- 
phatic hydroxyl groups rather than sulfhydryl or 
amino groups. The hemiacetal of glyoxylic acid 
with dichlorophenol is the only possible compound 
which has a hydroxyl group on the carbon side chain 
of 2,4-D and retains the carboxyl group. However, 
this linkage would split with the mildest acid to give 
glyoxylic acid. In order to accommodate a side chain 
hydroxyl group, it is postulated that the side chain 
of 2,4-D is lengthened in the course of 2,4-D metabo- 
lism. Further support for this interpretation comes 
from the HI cleavage results. While the various 
metabolites were attacked by HI none of them yielded 
a material having chromatographic properties similar 
to the cleavage products obtained from 2,4-D. A 
lengthened side chain could account for this finding. 
(Note in passing that since iodoacetic acid is de- 
composed by HI, the isolated cleavage product of 
2,4-D was not iodoacetic acid. The structure of the 
actual product is unknown, but it is clearly not acetic 
acid, glycolic acid, glyoxylic acid, glycine, or diglycol- 
ic acid.) 

It has been reported (19) that 2,4-D, as well as 
other herbicides and auxins, can be converted to 
their coenzyme A thioesters. The isolation of indole- 
3-acetylaspartate as a metabolite of indoleacetic acid 
(1) and the isolation of amino acid amide metabolites 
of 3-amino-1, 2,4-triazole (12) also suggest that 
carboxyl-activation is a common pathway in the 
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metabolism, if not a step in the mode of action, of thes 
compounds. If it is assumed that 2,4-dichlorophe: 

oxyacetyl coenzyme A can react with acetyl coenzyn 

A, CO., and ATP, in a manner similar to that i: 

volved in fatty acid biosynthesis (14), a lengthening 
of the side chain in the metabolism of 2,4-D is ex- 
plained. Thus, depending on the point of termina- 
tion of this chain-lengthening reaction, it is possib! 

to obtain mono- or dicarboxylic acids with potential 
sites for hydroxyl or ketone groups on alternate 
carbons along the chain. Unfortunately, the amount 
of metabolites obtained from the present experi 
ments did not permit confirmation of this hypothesis 
The use of high specific activity ring-labeled 2,4-D 
would enable an unequivocal test for a retention oi 
the phenol ether linkage of 2,4-D during these met 
abolic conversions. Finally, the implications of these 
results on herbicide metabolism, in general, as well 
as on herbicide structure-activity studies, remain to 
be explored. If lengthening of the side chain of 
2,4-D is verified, this new pathway to detoxication 
should receive more attention. 


SUMMARY 


The radioactive metabolites of 2,4-dichlorophen- 
oxyacetic acid-1-C'* have been isolated from bean 
stems. One half of the original radioactivity was 
found in ten components of an ether extract. Tests 
for functional groups indicate that these components 
retained the aromatic nucleus of 2,4-D. Some of 
them possessed phenol and alcohol groups but there 


was no evidence for aliphatic unsaturation. Neither 
2,4-D nor 6-hydroxy-2,4-D was isolated. 
The ether-insoluble fraction contained at least 


six major components. Acid hydrolysis of each of 
these yielded two radioactive, ether-soluble, com- 
pounds which were identical to the two major com- 
ponents of the original ether extract. In addition, 
some ten amino acids were isolated and seven of 
them identified. The implications of these results 
are discussed. 
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EFFECTS OF X IRRADIATION ON CORN SEED *? 
JOE H. CHERRY?, R. H. HAGEMAN, FLOYD I. COLLINS, & DONNA FLESHER 


DEPARTMENT OF AGRONOMY, UNIVERSITY OF ILLINOIS, URBANA, & 
AGRICULTURE RESEARCH SERVICE, Crops ResearcH Diviston, USDA 


There is no biochemical explanation for the in- 
hibition of germination and seedling growth aiter 
X irradiation of seeds (1). Although some enzyme 
activities are altered (9, 10,13) by X irradiation, en- 
zyme inactivation does not seem to be the primary 
biochemical mechanism of radiation injury (20). 

Little attention has been given to physiological 
and biochemical aspects of growth of seedlings from 
X-irradiated seed. 

Experiments reported here represent studies on 
the effect of X irradiation on germination of corn- 
seed and subsequent growth. The effect of seed 
X irradiation on the subsequent metabolism of pro- 
tein, nucleotides, ribonucleic acid (RNA)*‘, and re- 
ducing sugar of corn seedlings was determined. The 
activity of mitochondria and glycolytic enzymes, and 
respiration of excised tissue was measured. 


MATERIALS & METHODS 


X IRRADIATION OF SEED: Hybrid corn seed® 
(Zea mays L. var. WF9XM14) was lightly dusted 
with a fungicide (Spergon, U.S. Rubber Co.)® and 
placed into acrylic plastic boxes in a single layer with 
the embryo side up. The boxes were made of 1/16 
inch plastic, with inside dimensions of % inch high, 
2 inches wide, and 1.5 inches or 7.25 inches long. 


Irradiation dosages of 50 to 500 kr were given by 


1 Received Feb. 21, 1961. 

2 This work was supported by Grant 791 from the 
Atomic Energy Commission granted to the Illinois Agri- 
cultural Experiment Station, University of Illinois, 
Urbana, and by federal funds. 

3 Present address: Southern Regional Research Lab- 
oratory, USDA, ARS, New Orleans 19, La. 

*The following abbreviations will be used: RNA, 
ribonucleic acid; kv, kilovolts; ma, milliamperes; kr, 
kiloroentgen; r, roentgen; EDTA, ethylenediamine tetra- 
acetic acid; DPN, diphosphopyridine nucleotide (oxi- 
dized) ; DPNH, diphosphopyridine nucleotide (reduced) ; 
AMP, adenosine monophosphate; and 2,4-D, 2,4-dichloro- 
phenoxyacetic acid. 

5 We are indebted to Dr. W. J. Mumm, Crow’s Hy- 
brid Corn Co., Milford, Ill., for the corn seed used in 
this work. 

® Trade names are given as part of the exact experi- 
mental conditions and not as endorsement of the products 
over those of other manufacturers. 

7 We are indebted to Dr. John Skok, Argonne National 
Laboratory, Lemont, IIl., for irradiating the corn seed 
with hard X rays. 
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placing the large boxes 10 inches from an AEG-—50-T 
X-ray tube with a tungsten target delivering 660 
per minute. The 1,000 kr dosage was applied to seed 
in the smaller boxes at 4,125 r per minute. Som: 
seed was irradiated with hard (250 kv) X rays? at 
830 r per minute. 


PLANT MATERIAL: Corn seeds were placed em- 
bryo down on paper toweling supported by a layer 
of gravel (600 ml) in a 3 quart pyrex utility dish. 
The gravel and toweling were saturated with 300 
ml of 10~*4m CaCl,. The seeds were germinated in 
darkness in a humid atmosphere at 29C. Additional 
10-4m CaCl, was added to the dish during the ger- 
mination period to keep the gravel saturated. 


TissuE ANALysIs: The plant tissue (about one 
g) was homogenized for 3 minutes in 5 ml of deion- 
ized water with an ice-jacketed glass homogenizer 
and a power-driven Teflon pestle. The homogenate 
was cleared of cellular debris by centrifuging at 500 g 
for 10 minutes. 

The total acid-soluble nucleotides and RNA were 
extracted and measured by a method previously used 
for corn (8). Experimentation has shown that es- 
sentially no DNA is present in these nuclei free 
homogenates; the method is quantitative for RNA 
(2,3). Aliquots of the cleared tissue homogenates 
were acidified with 1.2m HCIO, to a final molarity 
of 0.2 The precipitates were sedimented by centri- 
fuging and washed twice with 0.2m HCIlO,. The 
entire extraction procedure was performed at 2C. 
The combined supernatant solutions were made to 
volume and the soluble nucleotides were estimated by 
the difference in absorbancy at 260 and 290 my, using 
AMP asa standard. Experience from this laboratory 
indicates that data obtained from the above method 
closely compares to nucleotide measurement by ion- 
exchange chromatography (2,3). 

These precipitates were next extracted three times 
with 2:2:1 ethanol-ether-chloroform to remove lip- 
ids. RNA was extracted from the lipid-free residue 
by incubating with 0.5m HCIO, at 70C for 40 min- 
utes. The RNA content of the extract was determin- 
ed by referring absorbancy differences at 260 and 290 
mz to a standard curve obtained from similarly treat- 
ed yeast RNA. 

Protein was determined by the method of Lowry 
et al. (14) on ice-cold 10 % trichloroacetic acid pre- 
cipitates of the debris-free tissue homogenates. 
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Reducing sugar was determined by the method of 
Somogyi (19) on the debris-free tissue homogenates. 


MITOCHONDRIAL RESPIRATION: Mitochondria 
were isolated from corn scutella and embryonic axes 
and their oxidative and phosphorylative capacities 
determined with the techniques and vessel additives 
found satisfactory for corn roots and scutella (8, 15). 
Samples of 40 scutella and 30 to 50 embryonic axes 
were ground with 20 ml of 0.5m sucrose, 0.067 M 
potassium phosphate (pH 6.8), and 0.005m EDTA 
in an ice-cold mortar, and the homogenate strained 
through four layers of cheesecloth. All subsequent 
isolation operations were carried out at 0 to 5C. 
Cellular debris was removed by centrifuging at 500 g 
for 7 minutes. Mitochondria were sedimented at 20,- 
000 g for 15 minutes in an International PR-2 centri- 
fuge, and washed once by resuspending the centrifuge 
pellet in grinding media and resedimenting. The 
washed mitochondria were suspended in 2 ml of 0.5 Mm 
sucrose for adding to the manometer vessels. Nitro- 
gen content of the suspension was determined by 
digestion and direct Nesslerization (12). 

Standard manometric vessel contents used were 
the same as described by Hanson et al. (8) except 
that 20 umoles of succinate and 10 umoles of pyruvate 
were used as a substrate instead of a-ketoglutarate. 

The phosphorylation coupled to oxidation was de- 
termined by the disappearance of inorganic phosphate 
from the vessels during the period of measured oxygen 
consumption (generally 30 min). One vessel of each 
treatment was removed when the cocks were closed, 
with respiration and final inorganic phosphate content 
being determined on two additional vessels. The 
method of Fiske and Subbarrow (4) was used to 
measure inorganic phosphate. 


EnzyME Assays: Homogenates were prepared 
as described by Hageman and Waygood (6), with 
the following modifications: the phosphate buffer 
was 0.2 mM (pH 7.6) and the samples were blended in 
an Omni-mixer for 2 minutes at maximum speed with 
4 ml of phosphate buffer per g material. 

Aldolase and triosephosphate dehydrogenase were 
assayed by methods described by Sibley and Lehn- 
inger (17) and Hageman and Arnon (5), respec- 
tively. Enzymatic activity is expressed as_ milli- 
micromoles of substrate transformed per minute per 
milligram protein. The moles of fructose diphosphate 
split by aldolase were determined by measuring the 
amount of triose chromogen formed; this value was 
converted to moles of substrate by a standard alkali- 
labile phosphate curve (17). The activity of trio- 
sephosphate dehydrogenase was determined by meas- 
uring the reduction of DPNH at 340 mz during the 
initial minute of reaction ; molar values were computed 
by using the extinction coefficient of 6.22 « 10° for 
DPNH. 

The protein nitrogen content of the extracts was 
determined by digestion and Nesslerization of 10% 
trichloroacetic acid precipitable material. 


TissuE RESPIRATION & PHOSPHORYLATION: Root 
and apical mesocotyl sections (see table VII) were 
removed from 3-day-old corn seedlings and their oxi- 
dative capacities were determined. Vessel additives 
consisted of 1% sucrose and 10-?m KH,PO, (pH 
6.3 with NH,OH). Respiration was measured for 
30 minutes, then the tissue was removed from the 
vessels and homogenized in deionized water with an 
ice-jacketed glass homogenizer and a power-driven 
Teflon pestle. Aliquots of the cleared homogenates 
were precipitated by the method of Lowry et al. (14). 

Phosphorylation of the tissue sections was deter- 
mined by measuring respiration in 1% sucrose and 
10-3 m KH.PO, (pH 6.3 with NH,OH) which con- 
tained radioactive phosphate. Immediately after 
respiration, the tissue was removed, washed with 
water; then the radioactivity of the dried tissue was 
counted. The amount of phosphate accumulated was 
used to compute the amount of phosphorylation 
coupled to oxidation. 

All data were obtained from two or more experi- 
ments. Each experiment was run in duplicate. 


RESULTS 


EFFECT OF X IRRADIATION ON GERMINATION & 
GrowtH: Although seed X irradiation resulted in 
reduced seedling growth, percentage germination (as 
judged by radicle emergence) was not reduced in 
any treatment. However, the rate of germination 
was retarded by X irradiation. No visible aberra- 
tions were noticed except that plumule development 
was retarded, and the root was tougher and was slight- 
ly increased in diameter. Figure 1 shows the growth 
(fr wt) of the root, shoot, and scutellum after 3 days 
of germination for both soft and hard X irradiations. 
Low (50-150 kr) dosages of hard X rays had a 
greater effect on the reduction of seedling growth 
than did similar dosages of soft X rays. Irradiation 
of corn seed with 125 and 150 kr of soft X rays (fig 
1A) was consistently (6 expts.) less deleterious than 
X irradiation of 100 kr. However, this slight re- 
versal was not observed with seed irradiated with 
hard X rays. X irradiation of seed with massive 
dosages of 500 and 1,000 kr reduced seedling growth 
about 75 and 95 %, respectively. 

In general, the utilization of the scutellar reserves 
(reduction in weight) appeared to be retarded by 
X irradiation. 

Since a large number of seed could be irradiated 
locally, the remainder of this work was done with 
soft X irradiation. 

The effect of irradiation of seed with X rays on 
reducing sugar (expressed as glucose), protein, solu- 
ble nucleotides, and RNA of shoot and scutellum tis- 
sue is given in figure 2. The changes in the amounts 
of these constituents in the shoot roughly paralleled 
the changes in growth, even to the slight reversal in 
the slope of the curve at 125 to 150 kr. There was 
little change in the reducing sugars and soluble nucleo- 
tides of the scutellum, but low dosages of X rays 
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Fic. 1. (top). The effect of seed X irradiation (hard 
& soft) on growth of corn roots, shoots, and scutella 3 
days after planting. 

Fic. 2 (bottom). The effect of seed X irradiation 
(soft) on reducing sugar, protein, soluble nucleotides, 
and RNA in the shoot and scutellum 3 days after planting. 
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severely impaired the loss of protein (fig 2B) and 
RNA (fig 2D) from this organ. Normally as ger- 
mination proceeds there is a rapid decline in these 
constituents. 

The effect of X irradiation on the ratios of soluble 
nucleotides and RNA to protein of root, shoot, and 
scutellum tissues are given in table I. In general, 
the ratio of nucleotides to protein decreased in root 
and scutellum tissues with seed X irradiation. Ir- 
radiating the seed with 1,000 kr of X rays reduced 
the ratio of nucleotides to protein in shoot, root, and 
scutellum tissues 70, 28, and 58 %, respectively. Seed 
X irradiation had very little effect on the ratio of 
RNA to protein in the root, shoot, and scutellum tis- 
sues of 3-day-old seedlings. 

A study was made to determine whether or not 
changes in content of these constituents occur with 
germination and seedling growth. Normally, as corn 
seed verminates there is an increase in soluble nucleo- 
tides Yo protein and a decrease in RNA to protein in 
roots, shoots, and scutella (table IIT). This study in- 
dicates that the changes in ratios of nucleotides and 
RNA to protein in the 3-day-old seedlings from X- 
irradiated seed can be partially explained by an in- 
hibition of seedling growth (see tables I & II). The 
effect of X irradiation however, is not solely due to 
an inhibition of seedling growth, since the amount 
of RNA to protein was not increased by all X-ray 
treatments. 


MitocHonpriAL Activity: Oxidative and phos- 
phorylative activities of mitochondria isolated from 
3-day-old scutella and embryonic axes from seed 
treated with X-ray dosages ranging from 0 to 1,000 
kr are given in table III. Mitochondria from scutella 
were decreased in oxidation (Qo,(N)) with the phos- 
phorylative capacity (P/O) enhanced by seed X 
irradiation. Oxygen consumption of the mitochon- 
dria from scutella was decreased only 12% by the 
1,000 kr dosage with the P/O ratio increased 34 %. 

Mitochondria isolated from embryonic axes were 
not altered in activity by X irradiation as were the 
scutellum mitochondria. Both Qv,(N) and P/O of 
mitochondria from embryonic axes were enhanced by 


TABLE I 
Errect or Set» X IRRADIATION ON AcID-SoLUBLE NucLeotipes & RNA or 3-DAy-OLp Corn SEEDLINGS* 








ACID-SOLUBLE NUCLEOTIDES 


X IRRADIATION (ug/mg PROTEIN) 


RNA 
(ug/mg PROTEIN) 








eae Root SHOOT ScuTELLUM Root SHOOT ScuTELLUM 
0 180 111 33 76 110 52 
50 178 116 27 72 110 51 
250 164 179 24 73 130 63 
500 162 92 25 79 106 57 
1,000 129 24 14 87 103 42 





* Root, shoot, and scutellum tissues were homogenized, and the RNA and protein determined on cold-acid precipi- 


tates. The ratio of RNA to protein was computed (see Methods for details). 
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seed X irradiation. The 1,000 kr treatment increased ated tissue (table III) was due only to the inhibition 
Qo,(N) 28 % and the P/O ratio 12%. The amount of seedling growth are given in table IV. Normally, 
of phosphorylation per milligram of mitochondrial mitochondria from scutellum have greater Qo,(N) 


nitrogen by mitochondria from scutellum and embry- Values and smaller P/O ratios as the germination 
onic axes was increased by seed X-ray treatments period increases, which is in agreement with Hanson 


The effect of X irradiation on the mitochondrial et al. (8). The effect of seed X irradiation on the 


tivity £ tell pene : ‘ mitochondrial activity (table III) isolated from 
Ry ee ee ee ee scutella may be explained by a reduction in growth 


of a linear function « dosage. of the seedling plant (table IV). These data show 
Data from experiments designed to determine if that the mitochondrial activity changes with germina- 
the difference in mitochondrial activity from X-irradi- tion and seedling development. 
TABLE II 


CHANGES IN ACID-SoLUBLE NucLeotipegs & RNA WitH GrowTH oF CorN SEEDLING* 























ACID-SOLUBLE NUCLEOTIDES RNA 
AcrE** (ug/mg PROTEIN) (ug/mg PROTEIN) 
(pays) =segaeaceaane Pini Sa ee a 
Root SHOOT ScUTELLUM Root SHOOT SCUTELLUM 

3 131 120 47 79 107 57 

2 152 121 38 87 113 68 

2 130 89 28 100 118 79 

1% 95 55 22 113 140 74 











* Root, shoot, and scutellum tissues at four stages of growth were homogenized, and the RNA and protein de- 
termined on cold-acid precipitates. The ratio of RNA to protein was computed (see Methods for details). 
** The chronological age was reversed to aid in the comparison of table I. 


TABLE III 


EFFECT OF SEED X IRRADIATION (Sort—40 kr) on Oxipative* & PHOSPHORYLATIVE 
Activities oF MitocHonpriA From 3-Day-Otp Corn SEEDLINGS 

















SCUTELLA EMBRYONIC AXES 
ler ' PO, EsTERIFIED PO, EsTeRIFIED 
Qo, (N)** P/O*** /mg N/hr Qo, (N) P/O /mg N/hr 
(um) (um) 
0 1,035 0.74 68 970 0.90 77 
50 978 0.69 60 982 0.87 76 
250 822 1.03 72 1065 1.01 94 
1,000 906 0.99 76 1357 1.01 122 











* 0.016 M succinate and 0.008 mM pyruvate were used as substrates. 
**Qo,(N) is the microliters of oxygen consumed per mg of mitochondrial nitrogen per hour. 
*** P/Q is the micromoles of phosphate esterified per microatom of oxygen consumed. 


TABLE IV 


OxIpATIVE* & PHOSPHORYLATIVE ACTIVITIES OF MITOCHONDRIA ISOLATED FRoM 
ContROoL CorN SEEDLINGS AT DIFFERENT AGES 























SCUTELLA EMBRYONIC AXES 
Days PO, EsTeriFIEp PO, EsTeErIFIED 
OF AGE** Qo, (N) P/O /mg N/hr Qo, (N) P/O /mg N/hr 

(um) (um) 
3 1,190 0.59 63 924 0.85 82 
2% 877 0.85 62 882 0.75 58 
2 843 0.87 66 920 1.11 104 
ly, 705 1.00 77 958 1.13 115 











* 0.016 m succinate and 0.008m pyruvate were used as substrates. 
** The chronological age was reversed to aid in the comparison of table III. 
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TABLE V 


Errect oF SEED X [RRADIATION (Sort—40 kr) on ENZYME 
Activity From 3-Day-OLp CorN SEEDLINGS 








DEH YDROGEN ASE 


TRIOSEPHOSPHATE 


SCUTELLA E MBRYONIC AXES 


X Irrapta- os : 

TION SpeciFic Activiry** Speciric Activity/ 
(kr) ACTIVITY* /ORGAN ACTIVITY ORGAN 
0 271 500 363 1,000 
50 289 540 393 880 

250 285 540 418 510 
500 275 620 371 270 
Aldolase 

0 1,129 2,050 1,620 4,180 
50 1,364 2,535 1,710 3,630 
250 1,326 2,685 1,770 1,980 
500. 1,768 3,960 2,250 1,710 





* Specific activity is the millimicromoles of substrate 
transformed per mg of protein per minute. 

** Activity is the millimicromoles of substrate trans- 
formed per minute. 


Mitochondria isolated from progressively younger 
embryonic axes have similar oxidative and enhanced 
phosphorylative capacities (table IV). The P/O 
ratio and the amount of phosphorylation per mg N 
of mitochondria isolated from younger embryonic axes 
(table IV) resemble the values obtained from mito- 
chondria isolated from X-irradiated tissue (table IIT). 
However, the enhanced oxygen consumption by mito- 
chondria caused by X irradiation can not be explained 
entirely by a change in apparent age. 


Enzymatic Activity: The effect of seed X 
irradiation on triosephosphate dehydrogenase and 
aldolase activities from 3-day-old corn scutella and 
embryonic axes is given in table V. Seed X irradia- 
tion did not affect the specific activity of triosephos- 
phate dehydrogenase in the embryonic axes or scutella 
to a large extent, nor was the activity per scutellum 
changed. However, the activity per embryonic 
axes decreased as much as one-third of that of con- 
trol seedlings due to treatment. The aldolase activity 
per scutella and specific activity were increased 95 
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and 57 %, respectively, by the 500 kr treatment. ‘Tie 
other X-ray treatments increased the aldolase activity 
about 20 to 30%. The effect of seed X irradiation 
on aldolase activity in the embryonic axes was not 
the same as in the scutella. The specific activity of 
aldolase in the embryonic axes was increased some- 
what due to seed X irradiation; whereas the activity 








per organ was decreased as much as a third that of 
control tissue. 
TABLE VI 
TRIOSEPHOSPHATE DEHYDROGENASE & ALDOLASE 
ACTIVITIES FroM CorN CONTROL SEEDLINGS 
AT DIFFERENT AGES 
TRIOSEPHOSPHATE DEHYDROGENASE 
SCUTELLA E2 MBRYONIC AXES 
Ace — 
(days)* Speciric Activity*** SpEciFIc Activity / 
ACTIVITY** ORGAN ACTIVITY ORGAN 
3 303 520 343 790 
2% 287 460 343 610 
2 279 470 326 480 
1Y% 277 520 283 280 
Aldolase 

3 1,129 2,050 2,470 5,550 
2% 1,262 2,155 2,920 5,200 
2 1,865 3,410 2,730 4,000 
ly 2,330 4, 630 2,6 30 2,5 50 


* The chronological age was reversed to aid in the 
comparison of table V. 

** Specific activity is the millimicromoles of substrate 
transformed per mg of protein per minute. 

*** Activity is the millimicromoles of substrate trans- 
formed per minute. 


The data presented in table V offer evidence that 
seed X irradiation effects enzyme activities (eg. 
activation or inactivation). Table VI shows, how- 
ever, that the effect of seed X irradiation on trio- 
sephosphate dehydrogenase and aldolase is only in- 
directly due to reduction in physiological age. When 
enzymatic activities were measured from tissue at 
different ages (table VI), the same type of changes in 
activity was observed as that caused by seed X irradi- 
ation (table V). 


TABLE VII 


EFFECT OF SEED X IRRADIATION ON RESPIRATION & PHOSPHORYLATION OF 
SEcTIONS From 


APICAL MESOCOTYL 


Excisep Root & 
3-Day-OLp Corn SEEDLINGS 








ul O, /hr/g fr wt 





—_— Non- IRRADIATED** 
IRRADIATED 
0-0.5 cm root tip 1,293 898 
0.5-1.5 cm root 513 520 
1.5-2.5 cm root 476 447 
0.5 cm apical mesocotyl S71 365 


0, »/hr/mg PROTEIN Pacc/O* 
Non- aa : —. ns 
IRRADIATED IRRADIATED sinaiaiaiiin IRRADIATED 
= 54 — ae 
- 71 2.64 4.74 
_ 61 3.19 5.01 
= 39 1.12 


* Pace/O is the sdiderenaites of seeeahane on up per microatom of oxygen consumed. 
** Seed was irradiated with 250 kiloroentgens of X rays before germination. 
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[issuE RESPIRATION & PHOSPHORYLATION: 
Since the roots of X-irradiated seed appeared some- 
what more mature than control roots, and since mito- 
chondrial activity was enhanced by X_ irradiation 
(table IIL), we compared respiration and phosphory- 
lation of root and mesocotyl sections from irradiated 
and non-irradiated seed (table VII). In agreement 
with Lund et al. (13), the respiration rates of root 
tissue on a fresh weight basis were greater in the 
root tip (0.5 em) than in the zone of cell elongation. 
However, the more mature root cells had a greater 
Qo. (protein) value. X irradiation decreased res- 
piration rate on a fresh weight basis of meristemic 
tissue (root tip & mesocotyl), but no change was ob- 
served when computed on a protein basis. X irradi- 
ation did not affect respiration rates (fr wt basis) 
of root sections (0.5-1.5 & 1.5-2.5 cm) more mature 
in nature. On a protein basis, the roots from irradi- 
ated seed were reduced in respiration, appearing more 
like the root tip. 

Phosphorous accumulation per unit of oxygen con- 
sumed by the tissue was assumed to be proportional 
to the oxidative phosphorylation of mitochondria oc- 
curring within the tissue. The basis for this assump- 
tion is the conclusion of Hagen et al. (7) that ortho- 
phosphate uptake by roots is coupled to oxidative 
phosphorylation. The amount of phosphorylation 
coupled to oxidation of tissue sections is much less 
than that obtained from isolated mitochondria. Ex- 
perimentation in this laboratory indicates, however, 
that Pacc/O ratio of whole tissues reflects the P/O 
ratio of mitochondria isolated from these tissues. 

Normally, root sections having more mature cells 
possess a greater Pacc/O ratio than root tips (table 
VII), which is in agreement with the work of Key 
et al. (11) with soybean tissue. The Pacc/O ratio 
of excised root tips grown from X-irradiated seed is 
twice as great as in normal root tips. In the other 
root sections the Pacc/O was 57 to 80 % greater as a 
result of X irradiation of seed. Root tips from X- 
irradiated seed appear more like the basal portion 
of the root in this determination. The Pacc/O ratio 
of apical mesocotyl sections was enhanced 33 % by 
X irradiation. 


DISCUSSION 


These experiments indicate that X irradiation of 
corn seed with 50 to 1,000 kr greatly reduces rate of 
germination and seedling development. The irradia- 
tion effect is not of a linear function of dosage. The 
slight reversal effect observed at 125 to 150 kr is 
not readily explained. Recently, Sicard and Schwartz 
(18) postulate that the reversal is caused by an inter- 
action of chromasomal damage and mitotic inhibition. 

X irradiation of corn seed changes the content 
of soluble nucleotides and RNA in growing corn 
seedlings. Activities of certain glycolytic enzymes 
and mitochondria were altered somewhat by seed 
X irradiation. In general, most of the changes due 
to X-ray treatment can be explained by a reduction 





CHERRY ET AL.—X IRRADIATION OF CORN SEED 571 


in seedling growth. Certainly, these changes in en- 
zyme and mitochondrial activities cannot account for 
X-ray damage to growth. 

Respiration and phosphorylation experiments with 
excised tissue sections indicate that seed X irradiation 
affects these processes. X irradiation appears to re- 
duce the rate of oxidation but enhance the Pacc/O 
ratio. The meristematic portion of the root grown 
from X-irradiated seed was like the basal portion of 
the control root in Pacc/O ratio. It is interesting 
that seed X irradiation increases the Pacc/O ratio 
similar to the increase by 2,4-D treatment on soybean 
root sections (11). It may be that the action of 
ionizing radiation and auxin on plant growth is medi- 
ated by a similar cellular entity. Our results were 
obtained from experiments designed to observe some 
net changes in the cytoplasmic fraction of plant tissue 
caused by seed X irradiation. These data do not 
offer an explanation for the great reduction in seed- 
ling growth. It is exceedingly interesting, however, 
that the enzyme and mitochondrial activities change 
with seedling growth. Robinson and Brown (16) 
showed that the activities of four enzymes change 
with growth and maturation of root cells. The en- 
zyme complement of plant cells does not remain con- 
stant; enzymatic and physiological activities change 
with cell growth and maturation (8, 11, 15, 16). 

A study of plant growth and inhibition of growth 
by X irradiation should involve the comparison of 
tissues comparable in physiological activities. 


SUMMARY 


Corn seed was irradiated with eight dosages of 
X rays ranging from 0 to 1,000 kr. Generally, all the 
seeds germinated and grew at uniform reduced rates 
for any given dose. Both hard and soft X rays great- 
ly suppressed seedling growth, however. The range 
of X-ray treatments did not give a linear effect on 
growth. Hard and soft X rays roughly gave com- 
parable effects. 

Irradiation of seed with X rays affected reducing 
sugar, protein, soluble nucleotides, and RNA in a 
manner roughly parallel to growth. Seed X irradia- 
tion decreased the ratio of soluble nucleotides to pro- 
tein; little or no change in RNA to protein was ob- 
served. These changes caused by irradiation appear 
to be due to an inhibition of seedling growth. 

The oxidative and phosphorylative activities of 
mitochondria isolated from corn seedlings were meas- 
ured. The mitochondria isolated from scutella and 
embryonic axes were affected somewhat by seed X 
irradiation. Most of the X irradiation effect can be 
explained by a reduction in seedling growth. 

The activities of triosephosphate dehydrogenase 
and aldolase were determined from extracts obtained 
from scutella and embryonic axes tissue. The effect 
of X irradiation on these two glycolytic enzymes 
appears indirect. Normally, as corn seed germinates 
there is a change in specific activity and activity per 
organ. The data obtained on these two enzymes in- 
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dicate that X irradiation changes enzymatic activity 
by retarding the age of the plant. 


Respiration rates and Pacc/O ratios of excised 
root and 


mesocotyl sections were measured. X 


irradiation reduced respiration but enhanced phos- 
phorylation, which again can partially be explained 
by a reduction in seeding growth. 


Our studies indicate that the contents of nucleo- 


tides and RNA, and the activities of enzymes and 
mitochondria change with growth and development 
of the seedling plant. 


N 
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EFFECTS OF MOISTURE STRESS ON ABSORPTION, TRANSLOCATION, & 


DISTRIBUTION 


OF 2,4-DICHLOROPHENOXYACETIC ACID 


IN BEAN PLANTS! 
EDDIE BASLER, GLENN W. TODD, & RAYMOND E. MEYER? 


DEPARTMENT OF Botany & PLANT PATHOLOGY, OKLAHOMA AGRICULTURAL EXPERIMENT STATION, 


\pplications of herbicides such as 2,4-dichloro- 
phenoxyacetic acid (2,4-D) and 2,4,5-trichlorophen- 
oxyacetic acid made locally during the summer months 
for the control of oak brush are often not as effective 
as those made during the spring or fall (H. M. EI- 
well, 1961, personal communication), indicating that 
moisture stress within the plant may be important in 
determining the effectiveness of these compounds as 
herbicides. There have been few attempts to measure 
directly the significance of the actual water deficit 
within the plant in regard to the absorption and 
translocation of 2,4-D. The effects of temperature 
and humidity have been studied in relation to their 
effect on 2,4-D absorption and translocation, and these 
factors may have an indirect influence on the moisture 
stress in plant cells. 

Pallas (10) reported that the soil moisture level 
caused marked effects on the translocation of 2,4-D. 
Plants growing in soil with a moisture level near the 
permanent wilting point translocated only half as 
much 2,4-D as plants growing in soil at field capacity. 
Soil moisture did not affect the absorption of the 
herbicide when it was applied on one unifoliate leaf. 
Hauser (4) reported, however, that less 2,4-D was 
absorbed by plants grown under moisture stress. 

Some of the factors which may have an indirect 
effect on water stress of plants have been reported to 
affect 2,4-D absorption and translocation. The ab- 
sorption of 2,4-D was reported to be made greater 
by increasing the temperature [Rice (12), Hauser 
(4), and Barrier & Loomis (1)]. Translocation was 
reported to be made greater by increasing the tem- 
perature [Pallas (11)] and the data of Barrier & 
Loomis (1) and Hauser (4) suggested that high tem- 
peratures favor translocation. 

Our present work has been directed toward de- 
termining the effects of the actual moisture stress 
within the plant (as measured by relative turgidity) 
on the absorption, translocation, and distribution of 
2,4-D in bean plants. We also investigated the time 
necessary for bean plants to regain the ability to 
translocate 2,4-D after being exposed to drought 
conditions. 


1 Manuscript received March 2, 1961. 
* Present address: Department of Agronomy, Okla- 
homa State University, Stillwater. 
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STILLWATER 


MatTerIALs & METHODS 


Burpee’s Stringless Green Pod bean plants were 
grown in a sandy soil in 4 inch clay pots under green- 
house conditions during July and August. The 
greenhouse was cooled with water evaporators during 
this period; maximum temperatures ranged between 
27 and 32C. The plants were sub-irrigated by allow- 
ing the pots to stand in about %4 inch of water. Each 
treatment sample consisted of ten plants with two 
plants in each pot. To obtain plants under varying 
degrees of water stress the pots were removed from 
the irrigating water at 1, 2, and 3 days before treat- 
ment and left without a supply of water for the re- 
mainder of the experiment. Those experiments de- 
signed to test the recovery of plants from a drought 
exposure were carried out on plants which had been 
exposed to 3 days of drought and which had been 
placed back in water at 0, 1.5, 5, 12, and 24 hours 
before treatment. 

The translocation and absorption of 2,4-D were 
determined by tracing the radioactivity of C1* applied 
as label in the number 2 carbon of the side chain 
(2,4-D-2-C!4). This material had a specific activity 
of 1.54 mc/mmole. The works of Jaworski and Butts 
(6) and Hay and Thimann (5) indicate that the use 
of radioactive 2,4-D for tracing 2,4-D movement may 
be justified in the present experiments since more 
than 5 hours (the duration of treatment in the present 
experiments) are required to convert much of the 
2,4-D to other products in bean plants. Plants were 
treated at 13 days with 30 ug of the acid form of 2,4- 
D-2-C'!* for those experiments dealing with trans- 
location and 15 ug of 2,4-D-2-C'* for those experi- 
ments in which absorption was studied. The 2,4-D- 
2-C4, in 0.01 ml of 60% ethyl alcohol containing 
0.5 % Kodak Photo Flo as a wetting agent, was ap- 
plied near the base of one primary leaf as a small 
droplet in an area of the leaf which contained no 
major veins. 

The samples for determining translocation were 
taken at 5 hours after treatment and were composed 
of two separate segments of stem tissue. A 2 cm 
section of epicotyl was taken just below the primary 
leaf node. The second section represents all of the 
tissue above the 2 cm epicotyl section exclusive of 
the primary leaves and is referred to as the stem tip. 
The epicotyl and stem tip tissue was dried overnight 
at 80C and the dry weight was determined before 
analysis for C1. 


nt 


The samples for determining absorption were col- 
lected at 5 hours after treatment. The non-absorbed 
2,4-D-2-C!* was recovered by removing tissue con- 
taining the treated area of the leaf with a 10 mm cork 
borer. The leaf punch was washed by pipetting 25 
ml of 80 % ethyl alcohol onto the surface of the leaf 
punch. The 2,4-D-2-C!4 removed from the tissue in 
this manner was considered the non-absorbed 2,4-D- 
ae. 

The C'* of each epicotyl section and stem tip was 
analyzed by first converting the carbon of the tissue 
to CO. by the wet combustion method of Van Slyke, 
Plazin, and Weisiger (14). The radioactivity of 
the C'*O, was then determined by use of a Nuclear- 
Chicago Dynacon Electrometer with a 250 ml gas 
ionization chamber. The radioactivity of the leaf 
wash 2,4-D-2-C' was determined by drying 5 ml of 
each wash on 4.5 inch sample pans and counting in 
the Dynacon Electrometer. For those experiments 
dealing with absorption, an estimate of the pipetting 
and counting error was made by determining the 
standard error for ten analyses of C'* representing 
2,4-D-2-C!* equivalent to that of one leaf treatment. 
The analyses showed that the mean leaf treatment was 
97.0 muc of C!* with a standard error of 1.1. 

Two methods were used to determine the degree 
of water stress which may have existed in the plants 
used in these experiments. The soil moisture was 
determined on small samples taken with a 10 mm cork 
borer from each pot at the time of treatment. The 
samples were weighed before and after drying for 
24 hours at 100C. The second method was a deter- 
mination of the relative turgidity of the leaf tissue 
as described by Weatherley (16). Relative turgidity 
may be defined as the water content of the tissue ex- 
pressed as a percentage of the water content of fully 
imbibed tissue. In these experiments the relative 
turgidity was determined by removing a small portion 
of leaf tissue with a 10 mm cork borer from the 
primary leaf opposite the treated leaf, and determining 
the weight before and after imbibing distilled water 
ior a 24-hour period in the dark. 


RESULTS 

The amounts of C'* found in 2 cm epicotyl sec- 
tions and stem tips 5 hours after applying 2,4-D-2-C™ 
to primary leaves of plants with varying degrees of 
moisture stress are shown in figure 1. Figure 1C 
shows that an extensive reduction in translocation of 
2,4-D occurs with a decrease in soil moisture con- 
firming the results of Pallas (10) and Hauser (4). 
Plants growing in soil with a moisture level of about 
one-half field capacity (about 13% soil moisture) 
at the time of treatment translocated less than half 
as much 2,4-D as plants growing in soil at field ca- 
pacity (about 24 % soil moisture). The plants grow- 
ing at about 13% soil moisture showed no visible 
signs of wilting; those plants growing at the lowest 
soil moisture levels were capable of complete recovery 
of turgidity upon the addition of water. These data 
indicate that translocation of 2,4-D can be severely 
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Fic. 1. (A) The effect of moisture stress as meas- 


ured by leaf relative turgidity on the translocation of 
2, 4-D-2-C14 from the leaf to the stem tip. (B) The 
effect of moisture stress as measured by leaf relative tur- 
gidity on the translocation of 2,4-D-2-C'4 from the leaf 
to the stem epicotyl tissue. (C) The effect of moisture 
stress as measured by soil moisture on the translocation 
of 2, 4-D-2-C'4 from the leaf to the stem epicotyl tissue. 


reduced with moderate decreases in soil moisture. 
The data in figure 1B show that the leaf relative 
turgidity may be a more critical measure of water 
stress and the ability of the plant to translocate 2,4-D 
than the soil moisture. Plants which were water 
stressed to the extent that relative turgidities were 
lower than about 80 % translocated very little or no 
2,4-D-2-C'*. The stem curvature (table I) also in- 
dicates that translocation is inhibited in plants with 
low relative turgidities. The translocation of 2,4-D- 
2-C'* to the stem tip showed trends similar to that 
for stem tissue as is shown in figure 1A. A very 
sharp decrease in translocation occurs between 80 
and 85 % relative turgidity. 

The decreased translocation of 2,4-D in plants 
under water stress could possibly have been brought 
about by a decrease in the amount of 2,4-D absorbed. 
Experiments designed to determine the amount of 
absorption of 2,4-D showed that although relative 
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BASLER ET AL.—MOISTURE 


TABLE [| 


ErFect OF MorIsturE STRESS ON ABSORPTION & 
TRANSLOCATION OF 2, 4-D sy BEAN PLANTS* 








DAYS OF DROUGHT 





0 1 2 3 
%, 2,4-D Absorbed 68+5 5447 52+13 55417 
% Relative turgidity 88+9 7844 78+3 6643 


Degrees stem curvature 88+24 34424 8+5 








The standard deviations listed were calculated from 
ten determinations. 


turgidity decreased with days of drought, absorption 
decreased only slightly, if any (table 1), substantiat- 
ing the conclusion of Pallas (10) who reported that 
absorption was not affected by soil moisture. These 
results showed that the large decrease in translocation 
with increasing water stress probably was not due 
to a decrease of absorption of 2,4-D by the leaf tissue. 

Water stress apparently did not influence the dis- 
tribution of the translocated 2,4-D in the 2 cm stem 
section and in the stem tip of plants treated on one 
primary leaf. Figure 2 shows that the value of stem 
C'4/stem tip C'4 is very constant at different soil 
moisture levels when this value is expressed in terms 
of the total C'* present in each organ. When this 
value is expressed in terms of C'* per milligram of 
dry weight, there is a slight decrease in the stem C1*/ 
stem tip C! value in plants grown under drier condi- 
tions. This simply reflects the fact that there was 
more growth in the stem tip sections of well watered 
plants than in the others. 

The results of experiments dealing with the plants’ 
recovery of the ability to translocate 2,4-D after ex- 
posure to a severe drought are shown in figure 3. 
After plants had been left for 3 days without addi- 
tional water being added to the soil, a number of 
hours elapsed after watering before plants were capa- 
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epicotyl and stem tip tissue after translocation from leaf 
tissue of plants growing at different soil moisture levels 
as measured by days out of water. 
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ble of translocating large amounts of 2,4-D even 
though the plants had completely regained their rela- 


tive turgidity. Subirrigation for 24 hours after the 
3-day drought brought about a recovery of transloca- 
tion to about half that in control plants (control 
plants translocated an average of 1.27 muc of C'*). 

The large variability in the amount of 2,4-D trans- 
location after partial recovery of plants from the 
drought treatment indicated by the standard deviations 
shown as vertical bars in figure 3, apparently was 
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Fic. 3. The relative turgidity of leaf tissue at the 


time of treatment (upper curve) and the translocation of 
2,4-D-2-C!4 to stem epicotyl tissue (lower curve) in 
plants at various intervals after the watering of plants 
which had been subjected to a 3-day drought. The verti- 
cal bars represent standard deviations calculated from 
ten determinations. 


not the result of variability in relative turgidities, 
either at the time of treatment or at the end of the 
3-day drought period, since the standard deviations 
of the relative turgidities at the time of treatment 
(fig 3) and at the end of the 3-day drought stress 
(data not listed) were fairly small in comparison to 
the standard deviation of translocation (fig 3). Re- 
sults of an analysis of variance showed that there 
were no significant differences (at the 5% level) 
in relative turgidity at the end of the drought stress 
period between any of the five groups. 


DISCUSSION 


The absorption of 2,4-D by bean leaf tissue was 
not greatly affected by water stress in the treated 
plant. The translocation of 2,4-D was, however, dras- 
tically reduced when the soil moisture level was low- 
ered to the extent that a water stress existed in the 
treated plant. The relative turgidity of bean leaf 








576 PLANT PHYSIOLOGY 


tissue appears to be a critical measure of water stress 
and of the ability of bean plants to translocate 2,4-D. 
If plants are subjected to water stress so that the 
relative turgidity of the leaf tissue falls below about 
80 %, only trace amounts of 2,4-D are translocated. 

The decrease in translocation upon water stress 
appears to be brought about by alterations either in 
metabolism or of cellular structure and composition 
within the tissue rather than being a direct result of 
water tension changes, as indicated by the fact that 
water stressed plants require several hours to regain 
their ability to translocate 2,4-D even though they 
had fully regained their turgidity within 1 or 2 hours. 
Indirect evidence indicates that similar processes may 
control the translocation of indigenous auxin materials 
in plants. Stem elongation in Ladino clover (3) 
and Helianthus annuus (7) ceased after plants were 
subjected to slight moisture stress, indicating a possi- 
ble lack of translocation of indigenous auxins when 
plants are subjected to mild water stress. 

Reports such as those of Eaton and Ergle (2) 
and Wadleigh and Ayers (15) have shown that, un- 
der moisture stress, plants may have decreased 
amounts of starch in the leaf tissue and increased 
amounts of starch, hexoses, and sucrose in the stems 
and roots. The work of McCune (8) clearly shows 
that the rate of translocation of radioactive phosphate 
from the leaf to stem tissue was enhanced by mild 
drought conditions, and it was assumed that carbo- 
hydrate translocation followed the same pattern, since 
the movement of phosphate has been shown to be de- 
pendent upon the presence of carbohydrate (1). In 
the present work there were no indications of in- 
creased translocation of 2,4-D from leaves to stem 
under water stress of any magnitude. A low level 
of carbohydrate in the leaves of water-stressed plants 
may have been responsible for the low translocation 
rate of 2,4-D in these plants. That the translocation 
of 2,4-D from leaf tissue is closely correlated with 
carbohydrate level has been amply demonstrated 


€1,S, 35, 27). 


SUMMARY 


The translocation and absorption of 2,4-D in bean 
plants under various degrees of water stress was 
determined by measuring the amount of C'* applied 
to leaf tissue as 2,4-D-2-C'*, which was absorbed and 
translocated during a 5-hour period. The degree of 
water stress in the plants was determined by measur- 
ing the relative turgidity of the leaf tissue and the soil 
moisture. 

The relative turgidity of leaf tissue was found to 
be a very good indicator of the ability of bean plants 
to translocate 2,4-D. Plants with relative turgidities 
below 80 % translocated only trace amounts of 2,4-D 
while plants above this value showed sharp increases 
in translocation with increases in relative turgidity. 
With a decrease in soil moisture level, there was a 
gradual decrease in translocation. The distribution 
of 2,4-D between stem epicotyl and stem tip tissue 
was not affected by water stress. 

Mild or fairly severe water stress decreased the 
amount of 2,4-D absorbed very little, if any, as indi- 


cated by the amount of 2,4-D which could be washed 
from treated leaves with 80 % ethyl alcohol. 

Plants which had been subjected to temporary 
drought conditions required several hours to reg:in 
the ability to translocate significant amounts of 2,4-D 
even though they had regained their full turgidity 
within 1 or 2 hours. 
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; in AS AFFECTED BY SEVERING THE VASCULAR SYSTEM? 
4-D WILLIAM A. BRUN 
~—/ CENTRAL ResEaRcH Laporatories, UniTep Fruir Company, Norwoop, Mass. 
A temporary increase in transpiration following sulfuric acid with a specific gravity of 1.435. At 30C 
ore an interruption of the vascular supply to the leaf this corresponds to a relative humidity of 29 %. 
cetic under measurement has been observed in a number of he air stream was passed through a flow meter to 
pe: plants (1, 2,3,6,7,9). The explanation given for the leaf chamber and thence to a lithium chloride type 
this phenomenon is that originally formulated by hygrometer, a concentrated sulfuric acid drying tower, 
rate Iwanoff (8). He proposed that the sudden release and an infrared CO, analyzer. The only other devi- 
ture of tension in the vascular elements caused a sudden ation from the previously described arrangement of 
temporary increase in the availability of water to the the apparatus (5) was that the leaf chamber was 
rae. leaf, resulting in a further stomatal opening and con- equipped with a molded silicone rubber edge (Dow’s 
Pens sequent increase in transpiration. Allerup (2) has Silastic RTV 501). This permitted the leaf chamber 
one indeed demonstrated a temporary increase in stomatal to be clamped in place rather than fastened with 
aes, opening in decapitated barley seedlings corresponding modeling clay. 

; to the increase in transpiration. Continuous measurements of the temperatures at 
e of The following study was undertaken to determine the lower leaf surface were made with copper- 
ngs. it this phenomenon occurs in the banana, and if so to constantan thermocouples (30 AWG) connected to a 
d & determine if it also reflects itself in the photosyn- recording potentiometer (Bristol’s Dynamaster). The 
31: thetic activity of the leaf. If the banana behaves in measuring junction was placed inside the leaf cham- 

, this manner, it would necessitate a certain amount of ber so that it touched the lower leaf surface. The 
the caution in interpreting data from photosynthesis and reference junction was placed in a slurry of ice and 
am transpiration experiments involving excised portions water. ai 

of banana leaves. Light intensities were measured with a Weston 
on H Illumination Meter on the light incident upon the 
an MatTeERIALs & METHODS 
sion E The banana plants used in this study were of two 
sds 3 varieties: Musa acuminata L. var. Hort. Gros Michel 
— H and var. Hort. Dwarf Cavendish. The Gros Michel 
seein plants were grown from rhizome seed pieces (button 
ton. seeds) in 9 inch pots. These plants were about 50 cm wens en 
tall (from soil line to leaf crotch) and about four ie Na 
>on & months old when used; they had a pseudostem diame- 
lant § ter of 3 cm, measured 5 cm above the soil line. In the 
experiments involving root cutting, 4 month old Gros 
e& Michel plants, grown in aerated Hoagland’s solution, 
' 2 : were used. These were 70 cm tall and had a pseudo- 
— stem diameter of 5.5 cm. The Dwarf Cavendish 
2 plants used in some of the experiments were essen- 
ean ff tially mature plants rooted in soil in 12 inch pots. 
s They were about 110 cm tall (from soil line to leaf 
tof § crotch) and had a pseudostem diameter of approxi- ieee 
4-D } mately 13 cm. 
ar: Measurements of photosynthesis and transpiration oe 
were carried out essentially as before (5). The t 
seat humidity of an air stream, containing 300 ppm CO,, RHIZOME 
| was adjusted to a dew point of 10C by passing it sisi a 
wih through a series of three bubbling towers containing 1 if 
-on- 
cen- ( 
= Fic. 1. Diagram of potted young banana plant show- 
ater ing the positions in which the vascular supply to the leaf 
ure- 1 Received March 6, 1961. was interrupted by cutting. 
tol. 
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upper leaf chamber and were varied between 2,400 
and 2,700 ft-c. 

Flow rates of 1 liter/min were used. These were 
calculated to give a wind velocity of 0.04 miles per 
hour over the leaf surface. 

The plants were kept in the dark for at least 30 
minutes after attaching the leaf chambers. During 
the first 15 minutes the CO, and water vapor content 
of the air stream were measured before the air stream 
entered the leaf chamber. During the next 15 min- 
utes the composition of the air stream was determined 
after it had passed through the leaf chamber in dark- 
ness. All measurements were made on the lower leaf 
surface because this is where most of the activity oc- 
curs (5). The exhausted air from the CO, analyzer 
was, however, passed through the upper leaf surface 
chamber to prevent any accumulation of gasses over 
this surface. 

After 30 minutes of darkness, the lights were 
turned on (time 0), and photosynthesis, transpira- 
tion, and leaf temperature determined until reasonably 
level plateaus were reached. This required about one 
hour. The vascular supply to the experimental leaf 
was then interrupted by cutting either on the blade, 
the petiole, at the base of the pseudostem, or at the 
level of the roots (fig 1). Measurements were con- 
tinued until the rates of photosynthesis and trans- 
piration reached new constant levels, usually zero. 
Finally, the CO, and water vapor contents of the in- 
coming air stream were again measured for 15 min- 
utes. 


RESULTS 


Photosynthesis and transpiration curves of young 
potted Gros Michel plants (fig 2) show the 15 to 25 
minute lag period between the onset of illumination 
(time 0) and the onset of any appreciable photosyn- 
thetic and transpirational activity, as reported earlier 
(5). At time 60, the vascular supply to the leaf was 
cut either on the blade, the petiole, or (fig 2) at the 
base of the pseudostem. This caused a marked stim- 
ulation in both processes. After about ten minutes 
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Fic. 2. The time course of apparent photosynthesis 
Re ecad ), transpiration (------ ), and temperature 
(———-) of a young banana leaf. At time 0, 2,600 ft-c. 


of white fluorescent light was turned on. At time 6), 
the plant was decapitated at the base of the pseudostem. 


the rates of photosynthesis and transpiration started to 
fall off and rapidly approached zero. The tempera- 
tures on the lower leaf surfaces reflected the trans- 
piration rates closely. When the lights were turned 
on at time 0 there was a steep rise in temperature 
which then leveled off and remained essentially con- 
stant during the lag phase. As soon as transpiration 
rates increased, leaf temperatures decreased and then 
fluctuated inversely with transpiration rates during 
the rest of the experiment. 

To determine the effects of cutting the roots or 
the pseudostem below a water surface, plants grown 
in aerated nutrient solution were used. The resulting 
curves were similar to those in figure 2 except that 
the peaks, caused by cutting, were broader and the 
curves fell off more slowly. When roots were cut, 4 
distinct secondary stimulation of both photosynthesis 
and transpiration occurred about 20 minutes after the 
initial stimulation. 

In figure 3 are shown results obtained with essen- 
tially mature Dwarf Cavendish banana plants. After 
the characteristic lag phase, photosynthesis and trans- 
piration increased rapidly and then leveled off at a 
much more constant rate than was the case with 
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young Gros Michel plants in figure 2. At time 60, 
the vascular supply was cut on the blade, on the 
petiole, or at the base of the pseudostem. When the 
cut was located on the blade the results were much 
the same as in figure 2 except that a slight secondary 
stimulation occurred before the rates approached zero. 
When the petiole was cut, the resulting stimulation of 
photosynthesis and transpiration was more prolonged ; 
then the rates fell off much more slowly. When the 
vascular interruption was located at the base of the 
pseudostem, the rates of photosynthesis and transpira- 
tion showed periodic fluctuations of rather uniform 
frequency for about four hours, after which they 
gradually approached zero. In all three experiments 
the temperatures at the lower leaf surface reflected 
transpiration rates rather closely. 

Data reported so far have shown that cutting the 
vascular system between the experimental leaf area 
and the water supply while active transpiration is 
occurring causes a stimulation of both transpiration 
and photosynthesis. The following experiment was 
performed to determine if cutting the vascular system 
without interrupting the water supply to the experi- 
mental leaf area would have any effect, and to see if 
interrupting the vascular supply in the absence of ac- 
tive transpiration, that is, during the lag phase, would 
initiate such activity. In one instance the cut was 
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Raises ), transpiration (------ ), and temperature 
(———-) of a young banana leaf. At time 0, 2,700 ft.-c. 


of white fluorescent light was turned on. At time 60, 
the tip of the blade was cut off at a point above the leaf 
chamber. 

Fic. 5. The time course of apparent photosynthesis 
Carer ), transpiration (------ ), and temperature 
(———-) of a young banana leaf. At time 0, 2,700 ft.-c. 
of white fluorescent light was turned on and the vascular 
supply to the leaf was immediately interrupted by cutting 
on the blade. 


performed at time 60, at a point on the blade above the 


leaf chamber (fig 4). In this case the vascular 
supply to the experimental area of the leaf was not 
interrupted and there was no stimulation of photosyn- 
thesis and transpiration. When the vascular supply 
was interrupted at time 0 (fig 5), this did not inter- 
fere with the characteristic lag phase which lasted 
about 20 minutes. After this the rates of photosyn- 
thesis and transpiration rose steeply and then fell 
abruptly to near zero. 


DISCUSSION 

The temporary stimulation of transpiration which 
has been shown to occur in banana leaves whenever 
the vascular system is severed between the point of 
measurement on the leaf blade and the point of water 
supply in the root, is similar to that reported in 
Tamarix and Eucalyptus by Decker (6). This phe- 
nomenon has also been observed in barley (2), wheat 
(1,9), tomato, citrus and Thunbergia (3), and in 
corn (7). When in this study, the cut was placed on 
the blade above the point of measurement, there was 
no stimulation of transpiration. 

The fact that not only transpiration but also CO, 
uptake is stimulated when the vascular supply to the 
leaf is interrupted, is apparently unreported from 
other plants. This observation, however, agrees 
fully with previously published results (5) indicating 
that in the banana leaf both apparent photosynthesis 
and transpiration are closely dependent upon stomatal 
opening. Iwanoff’s (8) explanation of the transpira- 
tional stimulation appears to be equally applicable to 
the stimulation of photosynthesis here observed. If 
a further opening of the stomates can increase the 
rate of diffusion of water vapor out of the leaf, it 
should also increase the rate of diffusion of CO, into 
the leaf. 

The repeated periodic stimulations observed in 
mature banana plants (fig 3) are apparently unre- 
ported from other plants. Possibly this is because 
other studies (1, 2,3, 6,7) were conducted on seedling 
material or on much more woody plants than the 
banana. Andersson, Hertz, and Rufelt (3) have 
shown that in tomato there is a broadening of the 
stimulation peak as more tissue is included between 
the cut and the leaf under measurement. The mul- 
tiple stimulation here observed may be considered a 
further extension of this phenomenon. When a ma- 
ture banana plant is cut at the base of the pseudostem, 
a large amount of very succulent pseudostem tissue is 
included above the cut. Cutting the pseudostem re- 
leases vascular tension thereby causing stomatal open- 
ing and increased transpiration. This transpiration, 
however, soon exceeds the available water supply and 
the stomates start to close, thereby reducing trans- 
piration rates. As water stored in the succulent 
pseudostem gradually becomes available to the leaf, 
the stomates start to open again, thereby increasing 
transpiration rates. This process then repeats itself 
until the source of water in the pseudostem becomes 
exhausted. 
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When the same experiment was performed on 
young plants (fig 2) which had much less succulent 
tissue in the pseudostem, secondary stimulations were 
absent. When the roots of young plants were cut, 
thus including rhizome tissue between the cut and the 
leaf, a secondary stimulation was evident. 

Cutting the roots and the pseudostem under water 
was expected to cause a period of sustained high 
water availability to follow the initial release of 
vascular tension. This presumably. would have 
caused a sustained high rate of transpiration and ap- 
parent photosynthesis. Possibly the reason it did not 
is because the tissues of the banana plant, particularly 
the pseudostem, have numerous intercellular air 
spaces. Therefore, it is perhaps doubtful if one can 
prevent air from entering the vascular system even if 
the cut is performed under water. 

The data of figure 5 indicate that the characteristic 
lag period is not caused by a lack of available water. 
In a previous paper (5) this lag period was tentative- 
ly proposed to be due to a buildup of a high concen- 
tration of carbon dioxide in the intercellular spaces 
of the leaf during darkness. The present results do 
not conflict with this proposal. 

The leaf temperature fluctuations here reported 
are a logical result of the observed fluctuations in 
transpiration rates. These temperature measurements 
were made primarily to define more accurately the 
environmental conditions within the leaf chambers. 
Because of the characteristic lag phase, the temper- 
ature curves here shown demonstrate the cooling ef- 
fect of transpiration more directly than do com- 
parisons of leaf temperatures in normal and vaseline 
coated leaves (4). 


SUMMARY 


Interrupting the vascular supply to young intact 
banana leaves caused a temporary increase in the 
rates of both apparent photosynthesis and transpi- 
ration, and a temporary decrease in leaf temperature. 

In young plants these phenomena were temporary, 
but in more mature plants having thick succulent 


pseudostems, these stimulations persisted for incress- 
ing lengths of time as more succulent tissue was i:- 
cluded between the point of interruption and the le f 
under measurement. 

When the vascular system of the leaf was cut it 
a point above the point of measurement, the rates of 
apparent photosynthesis and transpiration were not 
affected. 

The lag period between the onset of illumination 
and the beginning of stomatal transpiration ard 
photosynthesis was not influenced by interrupting thie 
vascular supply at the onset of illumination. 

Throughout the experiments, the curves represent- 
ing the time courses of apparent photosynthesis and 
transpiration resembled each other closely. 
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INTRODUCTION 


There is general agreement among plant physi- 
ologists that sucrose is the principal sugar of trans- 
location in many species (9, 17,19). Since a number 
of investigators have demonstrated that compounds 
other than sucrose may be translocated (7,21), it is 
possible that the compound translocated varies sig- 
nificantly with species and also with environmental 
conditions. In soybean, Vernon and Aronoff (19) 
demonstrated that the C'* fixed in the first trifoliate 
leaf during 20 minute photosynthesis wes translocated 
down the stem as sucrose. Small amounts of C?- 
labelled glucose and fructose were isolated at shorter 
distances down the stem than sucrose. They con- 
cluded that the hexoses were translocated along with 
sucrose but at a lower velocity. 

Many workers have shown that the radioactive 
compounds accumulating in leaves during photosyn- 
thesis in C'4O, may be qualitatively and quantitative- 
ly different depending on the environmental condi- 
tions such as drought (20), mineral nutrition (16), 
light intensity (5), and carbon dioxide concentration 
(10). It is possible, therefore, that a change in the 
environment bringing about a change in the products 
of photosynthesis may influence which compounds are 
translocated. By using soybean plants of different 
ages grown under different conditions of nutrient, 
light, and temperature, and different concentrations 
of CO, during photosynthesis, the present work 
demonstrates that several compounds can be trans- 
located. Part of this work has been previously re- 
ported (6). 


MATERIALS 


Plants of Glycine max (L.) var. Comet were 
grown under three different sets of conditions: 


Tt 


I. In aerated nutrient solution especially design- 
ed for the culture of legumes (15). Illumination 


' Manuscript received March 6, 1961. 

* Issued as N.R.C. No. 6434. 

’ Present address: Department of Biology, Queen’s 
University, Kingston, Ontario. 

* National Research Council Postdoctorate Fellow, 
1958 to 1960. Present address: Max Planck Institut fiir 
Meeresbiologie, Wilhelmshaven, Germany. 


was approximately 2,000 ft-c.(tungsten, water-filter- 
ed) for a 16-hour day. Temperature of the growth 
chamber was maintained at 21+0.5C. Figure 1A 
shows a Stage I (11) plant, (i.e. the first trifoliate 
leaf fully expanded) 14 days old grown under these 
conditions. Stems were thick and woody and the 
foliage light green. 


II. Ina growth chamber maintained as described 
above, seeds were germinated and grown in coarse 
exploded mica (vermiculite) in 5-inch pots irrigated 
from below with tap water. Stage I plants, 15 days 
old, (fig 1B) had elongated stems and light green 
foliage. 


III. Ina greenhouse in aerated nutrient solution. 
Illumination was supplemented with unfiltered tung- 
sten light as needed especially at the beginning and 
end of the photoperiod to give at least 1,000 ft-c. for 
a 16-hour day. Although the greenhouse was main- 
tained at 21+1C, leaf temperatures were raised 
about eight degrees by the unfiltered lamps. Figure 
1C shows a 14-day old plant with one partly expanded 
trifoliate leaf (Stage I). Under these conditions 
stems were elongated and foliage was dark green. 


MeETHOpDS 


About 30 minutes prior to the experiment, plants 
were transferred to the laboratory where they were 
illuminated in air with tungsten light filtered through 
5 cm of water. The illumination was 2,000 ft-c. 
measured at the height of the primary leaves (15). 
At zero time C'4O., was injected from a hypodermic 
syringe into a 50 ml polyethylene bag which was 
sealed around one of the primary leaves of the plant. 
The concentration of C'*O, inside the bag was 
0.04 % and the specific activity 38.5 mc per mmole. 
After 10 minutes the plant was divided into pieces 
(table I) and the stem between the primary node 
and the root was further divided into pieces 3 cm 
long. Each piece was killed immediately by freezing 
in liquid nitrogen and extracted with hot 80% 
ethanol as previously described (11). Ethanol ex- 
tracts were assayed for C'* content after plating on 
aluminum planchets. Insoluble residues were burned 
to CO. by the method of Baker et al. (1) and counted 
as BaCO,. Counting was done to within 3 % stand- 
ard error in a windowless methane gas flow propor- 
tional counter (14). 
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Soybeans, 2 weeks old, grown under the following conditions: A 





(left): in solution culture in the 


growth chamber maintained at 21°C under water-filtered, tungsten illumination of 2,000 ft-c for 16 hours daily; B 


(center) : 


in vermiculite irrigated with tap water only but otherwise the same conditions as A; C (right): in 


solution culture in the greenhouse maintained at 21 C supplemented with unfiltered tungsten illumination as needed 


to give at least 1,000 ft-c for 16 hours daily. 


Ethanol extracts were examined by two dimen- 
sional paper chromatography in two different solvent 
systems (13). Radioactive areas on the chromato- 
grams, located by radioautography, were counted 
with a gas flow counter fitted with a Micromil win- 
dow (4). 

The experiments in which the CO, concentration 
in the tagging chamber was varied were carried out 
under conditions of steady state photosynthesis. One 
primary leaf of a plant was sealed into a Lucite 
chamber connected to a circulating system (13, 18). 
Leaves were allowed to carry on photosynthesis for 
30 minutes in 0.03, 0.15, or 0.3 % C!*O, followed by 
photosynthesis for 10 minutes in C'O, (specific 
activity, 1 mc per mM) at the same total CO, con- 
centrations. 


RESULTS 


EFFECTS OF AGE ON TRANSLOCATION OF PRODUCTS 
OF PHOTOSYNTHESIS. The plants used in these ex- 
periments were grown in aerated nutrient solution in 
the growth chamber (fig 1A). In order to reduce 
the variability each experiment was carried out at 
the same time of day (10:00 am — 4 hours after 
beginning of daily light period) with three plants 
in the same pot at each of the following ages: 11, 14, 
17, 20, and 24 days old. Because of difficulties of 
extraction, accurate counting data were obtained 
from only one of the 24-day old plants. The C'* 
content of the ethariol-insoluble residue of the treated 


4 


leaf was about 50% of the total C* assimilated in 


The plants were photographed against a grid of 1-inch squares. 


the 10 minute period. The ethanol-insoluble residues 
of all other parts of the plant contained no C'*, 

In spite of the fact that the area of the treated 
primary leaf more than doubled between 11 and 17 
days (13 & 29 sq cm) and remained unchanged be- 
tween 17 and 24 days, the total C'* assimilated was 
similar (tables I, II). The total C'* translocated out 
of the primary leaves of plants of the same age and 
also of different ages was extremely variable and 
represented no more than about one per cent of the 
total assimilated in the ethanol-soluble fraction (table 
I). One of the 11-day old plants (No. IIT) and one 
of the 20-day old plants (No. II) translocated the 
most C'*. Another one of the 20-day old plants (No. 
III) translocated the least C14. Seven out of 
thirteen plants translocated less than 40 muc out of 
the primary leaf. All but one of these (17 days, I) 
translocated a high proportion to the opposite primary 
leaf. Only one of the six plants that translocated 
more than 46 muc (14 days, I) had a high proportion 
of C'* in the opposite primary leaf. There was thus 
a tendency for a high proportion of C'* in this leaf 
to be correlated with a low total translocation of 
C14, In all plants even after the very short time of 
10 minutes, C'* was recovered from the roots. The 
constancy of the total C'* assimilated contrasted with 
the low and variable amount translocated and the 
differences in destination suggest that translocation 
is not directly controlled by assimilation. 

The concentration of C'* in the 3-cm pieces of 
stem, sectioned after the 10-minute photosynthetic 
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TABLE J 


Frxation & TRANSLOCATION oF C!4 in ETHANOL-SOLUBLE FRACTION oF SoYBEAN PLANTS OF INCREASING AGE * 














: 11 Days 14 Days 17 Days 20 Days 24 Days 
ETHANOL-SOLUBLE C14.©_————_—-——)—s —____—____— ———_—___—_—. 
Ty BE ; ff. i. H i; 2 of I 
Total fixed, uc** 58 (63 63 59 82 $2 66 75 64 ye -te @2 7.4 
Total translocated, muc 46.0 68.8 22.4 65.4 38.2 65.7 17.7 17.6 22.0 606 683 15.3 252 
Plant Part Distribution of translocated C14, % 

Tops 65 14 47 51 87 70 49 66 119 104 269 22.7 0.2 
Opp. primary leaf 0.6 9.7 280 182 37.0 4.3 55 veo 29 SS 27 352 10.9 
Lower stem 92.5 84.7 672 764 528 886 89.2 13.6 756 86.0 70.0 55.0 88.7 
Root 0.4 #42 0.1 03 05 O.1 Trace 05 7.1 0.2 





0.4 23 0.6 





* Plants grown in nutrient solution in the growth chamber. 0.04% CO.,, 38.5 mc C140, per mmole offered to 


primary leaf for 10 minutes. 


** An additional 3-5uc of C!4 was fixed in the ethanol-insoluble fraction of the primary leaf treated with C140,, 
no C!4 was fixed in this fraction in other parts of the plant. The distribution of ethanol-soluble C!* was therefore 


a measure of the total translocation. 


period, decreased logarithmically from the primary 
node downward. Although the general pattern was 
the same with all of the plants and similar to that 
described earlier (15, fig 1), the slopes of the log 
plots varied from plant to plant within each and be- 
tween different age groups. These curves did, how- 
ever, extrapolate back to a common y-intercept. The 
average values for slope and y-intercept within each 
age group shown in table II illustrate both the 
variability of slope and the constancy of intercept. 
The common intercept may reflect the relatively con- 
stant assimilation of C'* by all the treated primary 
leaves, or it may indicate a control mechanism vested 
in the node where the petiole is connected to the 
stem. The latter possibility is consistent with the 
observation that variable amounts of C'* were also 
moved to the opposite primary leaf and upper part 
of the plant. The variations in slope indicate dif- 
ferences in the rate of translocation (i.e., quantity of 
C'* moved per unit time). This view fits with the 
observations drawn from tissue radioautographic 
studies conducted in parallel experiments (15) that 
the regions of high activity near the top of the stem 
have C!* distributed throughout many more phloem 
bundles than do regions of lower activity further 
down the stem. 


Although the total C!* fixed by the primary leaf 
was about the same in plants of different ages, the 
distribution of C!* among the ethanol-soluble com- 
pounds of this leaf was different (fig 2). The pro- 
portion of C14 in sucrose increased from 22 % in the 
11-day old plant to 55% in the 24-day old plant. 
This increase was greater between 11 and 14 days 
than between 20 and 24 days. The proportion of 
C!4 in serine decreased more or less steadily from 
31% in the youngest plant to 12% in the aldest 
plant. The proportion of C'* in other compounds 
such as malic acid, alanine, aspartic acid, and glu- 
tamic acid was much lower than in either sucrose or 
serine and decreased with age. Note that the data for 
sucrose in figure 2 include about five per cent hexose 
and for serine from five to ten per cent glycine. In 
addition, small amounts of glyceric acid and glycollic 
acid were isolated from leaves of all ages. 

Sucrose and serine accounted for at least 95 % of 
the total radioactivity isolated from the stems. 
Alanine, aspartic acid, glutamic acid, malic acid, and 
an unknown compound accounted for the remaining 
5%. The relative importance of serine and sucrose 
in translocation can be determined by examining the 
ratio of total C!* in serine to total C** in sucrose for 


TABLE II 


CHARACTERISTICS OF C14 DISTRIBUTION IN STEMS OF SOYBEANS OF DIFFERENT AGES SHOWN IN Taste I. 








TotaL C!4 RECOVERED IN 





AGE No. ETH ANOL-SOLUBLE 
DAYS PLANTS FRACTION OF 
PLANT pc 
11 3 6.18 + 0.23* 
14 3 7.51 + 1.09 
17 2 6.36 + 0.24 
20 3 6.77 + 0.56 





* Standard deviation. 


y INTERCEPT OF LOGARITHMIC SLOPE OF LOGARITHMIC 


PLoT dpm/cm x 10° PLOT 

20+ 0.64 + 0.36% — 
21.5 + 1.3 0.58 + 0.25 
20.8 + 0.2 1.01 + 0.13 
20.8 + 0.5 0.77 + 0.33 
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Fic. 2. Distribution of C!* among the ethanol-soluble 
compounds of primary leaves of different ages after 10 
minute photosynthesis. 


both the treated primary leaf and the 4-cm section of 
stem below this leaf (table IIT). Although the ratio 
was greater than one in the leaves of the 11-day old 
plants (cf. fig 2) it was less than one and very small 
in the stems. In other words, much less serine-C'* 
than sucrose-C!* was translocated, even though there 
was much more serine-C'* than sucrose-C'* in the 
leaves. In the leaves of the older plants the ratios 
varied considerably. In all cases they were less than 
one and tended to decrease with age. In the stems 
of the older plants the ratios were also less than one 
(except 17 day, II) and varied considerably. They 
were highest (more serine) in the 14-and 17-day old 
plants. With but one exception, 14 day, II, they were 
higher than the corresponding ratios in the leaves. 
The serine-C*/sucrose-C'* ratios in successive 
pieces of stem below the primary node were deter- 


mined for a number of plants (table IV). An i: - 
crease in the ratio from the top section downwar 
would indicate that serine was translocated faste; 
than sucrose while a decrease in the ratio would sug - 
gest the opposite. The data show increasing, de- 
creasing, and constant ratios with different plants. 
The range of variation of the ratios in any one plant 
was not large. The results suggest, therefore, that 
both C?4-labelled compounds were translocated at 
more or less the same velocity. 

Biddulph (3) has studied the translocation of 
S* and P*? introduced into a bean leaf by means of 
a flap cut so that the initial movement was toward the 
periphery of the leaf and from there through intact 
veins into the petiole (2). After a migration period 
of 1 hour she found that in the stem below the treated 
leaf, both isotopes were concentrated in the phloem. 
It is probable that sucrose-C!* introduced into the 
primary leaf by the flap technique would also be 


TABLE IV 


Ratio Totat C!4 1n SERINE/TOTAL C14 IN SUCROSE IN 
SoyBEAN STEMS 








DISTANCE FROM PRIMARY NODE 


PLANT -a oe 
0-3 cm 3-6 cm 6-9 cm 9-12 cm 
I, 11 days 0.27 0.28 0.27 0.25 
IIT, 14 days 0.68 0.52 0.49 
II, 14 days 0.39 0.48 0.58 


localized in the phloem of the stem below. On the 
basis of this assumption a direct check was made of 
the rate of conversion of sucrose to serine that is to 
be expected in a soybean stem during the transloca- 
tion of photosynthate. 

Radioactive sucrose was introduced through a flap 
containing the mid-vein of one primary leaf of a 12- 
day old plant which had been grown in nutrient 
solution in the growth chamber. In 2% hours 18 % 
of the total sucrose introduced was translocated out 
of the tip of the leaf and recovered in all parts of the 
plant. Table V shows that there was considerable 
metabolism of the introduced sucrose, especially in 


TABLE III 














Ratio Torat C4 1n Sertne/Totat C!4 In Sucrose IN TREATED Primary LeAr & First Piece oF Stem BELOW 
PriMARY Nope oF PLANTS oF VARIOUS AGES SHOWN IN TABLE I 
11 Days 14 Days 17 Days 20 Days 
PLANTS - — - 
LEAF STEM LEAF STEM LEAF STEM LEAF STEM 
I 1.43 0.27 0.51 0.66 0.19 0.65 0.17 0.28 
II 1.30 0.10 0.62 0.39 0.39 1.08 0.36 0.40 
III 1.42 a 0.37 0.68 0.25 0.50 0.23 0.44 
Mean 1.38 0.18 0.50 0.58 0.27 0.74 0.25 0.37 
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TABLE V 


DISTRIBUTION oF C!4 AmMonc ETHANOL-SOLUBLE COMPOUNDS IN DIFFERENT PARTS OF PLANT ADMINISTERED 
SucrosE-C!4 ror 21%4 Hours TaroucH Min VEIN oF 1 Primary LEAF BY 
BipputpeH’s FLAP TECHNIQUE * 








TREATED PRIMARY LEAF 





Trp** 
% 
Sucrose 81.5 
Serine 1.0 
Alanine 0.7 
Aspartic & glutamic acid 1.65 
Malic acid 2.6 
Sugar phosphates a 
Glucose-1,2-phosphate Q*** 
Total C14 (muc) 762.0 


3 cm PIECE OF STEM 





BASE BELOW PRIMARY NODE nee 
% % 7o 

89.5 88 70.5 
a vil 1.0 
0.9 Trace 1.7 
1.25 3.8 2.65 
1.75 15 32 
1.75 2.8 17.3 
Trace Trace 3.0 
85.7 77 543 








* Plants grown in nutrient solution in the growth chamber. 


** Region of leaf distal to flap. 
*** Less than 0.01 muc. 


the roots. Small amounts of serine-C'* were formed 
in both the leaf and root but none would be detected 
in the stem below the primary node. That is, there 
was less than 0.01 muc (0.1 % of the total C'*) in 
serine in the 3-cm piece below the primary node. 
In the photosynthesis experiments using plants of the 
same age and grown under the same conditions at 
least 20 % of the total C'* in the stem was recovered 
as serine. Since sucrose is converted to serine much 
too slowly if at all in those tissues of the stem in 
which products of photosynthesis are translocated 
and accumulated, it is concluded that serine was trans- 
located as such from the leaf. 


EFFECT OF OTHER GROWING CONDITIONS ON 
TRANSLOCATION OF PRopDUCTS OF PHOTOSYNTHESIS. 
Plants that were grown in vermiculite and tap water 
showed all the signs of nitrogen deficiency (fig 1B). 
From these plants at least 95 % of the C'* in the stem 
was recovered as sucrose while serine was seldom 
detected. In fact, in most plants sucrose was the only 
radioactive compound isolated from the stem. One 
example is shown in table VII. This absence of 
translocation of serine in these plants is a reflection 
of the distribution of the products of fixation in the 
leaf. The amount of C' fixed in serine in the leaf 
was never above 5 % of the total ethanol-soluble C'* 
in a 10 minute experiment with nitrogen deficient 
plants while the amount of C'* fixed in serine was 
from 10 to 30% in plants grown with adequate ni- 
trogen (fig 2). 

From young plants grown in nutrient solution 
under partially controlled greenhouse conditions (fig 
1C), a high proportion of the C'* in the stems was 
isolated as malic acid (table VI). The unusually 
high proportion of assimilated C'* in malic acid in 
the leaves of these plants again points to a relation 
between the products of assimilation and the com- 
pounds translocated. Although the proportion of 





C'! in malic acid was the same in the leaves of both 
plants, its proportion in the compounds isolated from 
the stems was very different in the two plants. Since 
malic acid was the only compound isolated from the 
stem of plant II, it must have been translocated as 
such and could not have arisen by metabolism of 
translocated sucrose. 

If malic acid can be translocated in plants grown 
under these conditions it is probable that the malic 
acid isolated in traces from the stems of plants grown 
with sufficient nitrogen was also in transit and did 
not arise by conversion of translocated sucrose. 
Such an interpretation is strengthened by the experi- 
ment showing that sucrose introduced by the flap 


TABLE VI 


DITRIBUTION OF RADIOACTIVITY AMONG ETHANOL-SOLUBLE 
CoMPoUNDS OF PriIMARY LEAF & Ist SECTION 
oF STEM BELow Primary Nope * 








PLANT I, Piant II, 

11 DAYS OLD 10 DAYS OLD 
LEAF STEM LEAF STEM 

% % o o% 

Sucrose 21 18 29 0 
Malic acid 22 29 22 100 
Serine 27 22 9 0 

Aspartic & 

glutamic acids 10 0 7 0 
Leucines 4 0 10 0 
Alanine 3 15 3 0 
Hexose Z 0 3 0 
Others 11 16 14 0 


Total C!4 in 
ethanol extract 5.8 uc 2.06 muc 68 we 1.35 muc 


* Plants grown in nutrient solution in the greenhouse. 
0.04 % C'4O,, 38.5 uc per mmole offered to primary leaf 
for 10 minutes. 
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technique is only slowing metabolism in the stems of 
soybean. Indeed, in short-term photosynthesis ex- 
periments the other radioactive compounds isolated 
from the stem, such as alanine, aspartic acid, glutamic 
acid, and an unknown compound, may have been in 
transit. 


Errect oF CO, CONCENTRATION ON TRANSLOCA- 
TION OF PropUCTS OF PHOTOSYNTHESIS. Plants 
grown in tap water in the growth chamber were used 
under steady state conditions (10). This was ar- 
ranged by supplying large enough volumes of air 
mixture so that less than 5 % of the total C'2O. was 
removed during the 30 minute pretreatment, and less 
than 5% of C'4O, during the 10 minute treatment. 

In figure 3 is shown typical data for the distribu- 
tion of C'* in the stems. In the three plants shown, 
the logarithmic decrease in C!* content down the stem 
was observed. Although the total C'* fixed by the 
leaf increased a factor of 3 over the tenfold increase 
in concentration of CO, (table VII), the total C'* 
translocated did not increase and was in fact lowest 
at the highest concentrations. This latter point is 
reflected in the more negative slope of the curve for 
the 0.3 % level in figure 3. The data in table VII 
also show that sucrose-C'* was the main radioactive 
compound accumulated in the ethanol-soluble fraction 
of the leaves and was also the main compound trans- 
located. Although the amount of serine-C1* present 
in the leaves was about the same at all concentrations 
of CO., it was not translocated in the plant treated 
with 0.03% CO.. Since serine-C!* was isolated 
from the stems of other plants treated with 0.03 % 
CO.,, it is concluded that the absence of serine trans- 
location in this case was due to variability in plant 
material rather than to CO, concentration. 


TABLE VII 


DISTRIBUTION OF RADIOACTIVITY IN PRIMARY LEAF & 
Stem BETWEEN Primary Nope & Root or PLANTS 
15 Days Op TreAtep WITH VARIOUS 
CONCENTRATIONS OF C140, * 








Conc or C40, IN AIR 


0.03% 0.15% 0.30% 


C!4 In treated leaf (uc) 4.0 98 13.0 
Ethanol insoluble 0.56 3.8 4.9 
Ethanol soluble 3.4 6.0 8.1 

Serine 0.13 0.16 0.12 
Sucrose ya 4 53 7.1 

C'4 In lower stem (myc) 88.4 148.0 63.3 
Ethanol insoluble 0 11.5 2.0 
Ethanol soluble 88.4 136.5 61.3 

Serine 0 1.4 2.1 
Sucrose 88.4 132.5 58.3 


* Plants grown in tap water in the growth chamber. 
C'40,, 1 mc per mmole offered to primary leaf for 10 
minutes. 
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cm. 
Fic. 3. Distribution of radioactivity in the stems of 
soybeans, 15 days old, after photosynthesis for 10 minutes 
by one primary leaf in 0.03, 0.15, or 0.3 % C14O,,. 


Varying the concentration of CO, in the photo- 
synthesis atmosphere as a means of influencing trans- 
location did not, in the present study, effect sufficient 
change in the distribution of C!* among the products 
of photosynthesis, or in the kind and quantity of C1- 
labelled compounds translocated to warrant further 
study. 


DISCUSSION 


The translocation of a C'*-labelled product of 
photosynthesis from its site of synthesis in the leaf, 
into and down the stem, may be influenced by the 
rate of operation of any one or more of several se- 
quential processes: A: carbon dioxide assimili- 
ation, B: synthesis of labelled compound, C: mixing 
of labelled with endogenous unlabelled compound, 
D: local utilization of the mixed endogenous pool, 
E: translocation of the compound from the site of 
synthesis to the vein, F: longitudinal translocation of 
the compound through the vein, petiole, and stem, 
G: radial translocation of the compound from the 
conducting elements to surrounding tissues, H: ac- 
cumulation and metabolism of the compound in the 
conducting and surrounding tissues. In the experi- 
ments described above, cultural and experimental 
conditions were altered in attempts to modify the 
relative rates of these individual processes and there- 
by evaluate their importance in the overall transloca- 
tion system. 
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[he radioactive compounds observed in transloca- 
tion were, in these experiments, drawn from the 
products of photosynthesis in C'*O,. The experi- 
ments demonstrate that assimilation and transloca- 
tion are not directly coupled. In the age series the 
total amount of C' assimilated was relatively con- 
stant inspite of changes in leaf size and age, whereas 
the amount of C4 translocated was variable and rep- 
resented at best only 1% of that assimilated. When 
an increase in the amount of C!* assimilated was in- 
duced by increasing the total CO. concentration in 
the atmosphere, the amount of C1 translocated was 
not significantly correlated with the increase. 

In all of the experiments, sucrose and serine were 
the principal products of assimilation and in most of 
the experiments they were the principal compounds 
that were translocated. The analysis of C-labelled 
serine and sucrose in the stem, when compared with 
those in the leaf, suggest that the amount of newly- 
formed compound that is translocated does not direct- 
ly reflect the amount that is synthesized in the leaf. 
Similarly, translocation of serine or of serine and 
sucrose was suppressed despite substantial synthesis 
in the leaf by altering cultural conditions. In certain 
of these modified conditions, biosynthesis of labelled 
malic acid in the leaf was greater than usual, and 
the amount that was translocated was also greater 
than usual. On the other hand, labelled glyceric acid 
and sugar phosphate were always synthesized in sub- 
stantial amounts but were never detected among the 
compounds translocated. All these results lead to the 
conclusion that certain selected products of photo- 
sythetic assimilation are translocated, and that the 
selection is modified in response to environmental 
conditions. 

The most likely processes in the sequence listed 
above for a selective step are probably the mixing of 
labelled with unlabelled compound, local utilization, 
and translocation from site of synthesis (Nos. C, D, 
& E). A change in cultural conditions, such as limit- 
ing nitrogen, might, for example, cause a reduction in 
the endogenous serine pool (see table VIII). Newly- 
formed serine, in mixing with this pool, would be 
utilized so rapidly within the leaf that it would be 
virtually unavailable for translocation. The addi- 
tional selectivity which discriminates against trans- 
location of compounds in apparently good supply is 
not easily pictured but might be ascribed to membrane 
permeability. 

Vernon and Aronoff (19) reported that in Hawk- 
eye soybeans grown in pots in a growth chamber at 
800 ft-c. and 26 to 30C, glucose and fructose were 
translocated from the first trifoliate leaf in addition 
to sucrose. The hexoses did not move as far down 
the stem as sucrose. An examination of their data 
shows that the two hexoses were isolated in approx- 
imately equal amounts. This suggests that the 
hexoses were formed by inversion of sucrose in the 
conducting and surrounding tissues (process No. H). 
It is, however, possible that the hexoses were trans- 
located and that the failure to observe them in the 





present work simply reflects the differences in plant 
variety, and in cultural and experimental conditions 
used in the two studies. 

Since this work was completed, a paper by Kur- 
sanov, Brovchenko, and Pariiskaya has appeared (8) 
which deals with the selective flow of products of 
assimilation to the conducting tissue in rhubarb 
leaves. These workers allowed a small area of a 
leaf to assimilate C'*O, photosynthetically for 2 
minutes, then waited 3 minutes for translocation and 
during a final 2 minutes cut out the mesophyll be- 
tween the fourth and fifth order veins in the treated 
area, and the prolongation of these veins into the 
region outside the treated area. Tissues from these 
three zones were immediately extracted and the total 
C14 and the distribution of C4 in various sugars, 
amino acids, organic acids and unknowns were deter- 
mined for each. Kursanov et al. concluded that sev- 
eral products of assimilation in addition to sucrose 
entered the translocation stream during the first few 
minutes. They also concluded that entrance is of a 
selective nature, that some compounds do not appear 
to enter at all, while others enter very slowly. Spe- 
cifically, they found that of the compounds most 
strongly labelled during their experiments, sucrose, 
threonine, alanine, serine, malic acid, and citric acid 
entered with the greatest ease, while aspartic acid, 
proline, y-amino butyric acid, fumaric, succinic, and 
oxalic acids entered with difficulty or not at all. 

These findings with a different plant species and 
with a different experimental approach are in good 
agreement with those reported above for soybean. 
They further indicate that one of the sites of action 
of the selective mechanism is in the step involving 
translocation of compounds from the site of synthesis 
to the veins. 


SUMMARY 


Translocation of the C'*-labelled products of 10 
minute photosynthesis in C'*O, by primary leaves of 
soybean, Glycine max, was studied with plants grown 
under controlled conditions (16 hr day, 2,000 ft-c. 
Mazda, 21C). The results from these plants were 
compared with those from plants grown under modi- 
fied conditions. In plants grown in an adequate 
nutrient solution, C't was recovered from the stem 
in both serine and sucrose. In _nitrogen-deficient 
plants, from 95 to 100 % of the C'* in the stem was 
recovered in sucrose. In plants grown in the ad- 
equate nutrient solution but under partially con- 
trolled greenhouse conditions, malic acid was the 
only C'-labelled compound detected in the stem. 
When the carbon dioxide concentration in the photo- 
synthesis atmosphere was changed from 0.03 to 0.15 
or 0.3%, the total carbon dioxide assimilated in- 
creased, but this had little effect on the products of 
assimilation and no direct effect of translocation. 

Analysis of a series of plants of different ages 
showed that serine was translocated with sucrose but 
in proportions not directly related to the proportions 
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of these compounds in the leaf. 
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Metabolic conver- 


sion of sucrose to serine in the stem was too slow to 


account for the serine isolated. 


We conclude that 


translocation of the products of assimilation is selec- 


tive. 


While sucrose and serine are the principal 


products translocated in the soybean, malic acid and 
possibly other compounds can also be translocated 
under suitable conditions. 
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AUXIN-PHENOL COMPLEXES *? 





A. C. LEOPOLD & T. H. PLUMMER 3 
HortTICULTURE DEPARTMENT, PURDUE UNIVERSITY, LAFAYETTE, INDIANA 


Polyphenol oxidase systems have been reported in 
the past to cause indoleacetic acid disappearance (11, 
2,9). Since polyphenol oxidase (PPO) brings about 
the formation of quinones from phenols, and quinones 
are known to condense in many instances with nitro- 
gen-containing substances (4,1,6,5), the possibility 
is suggested that the auxin indoleacetic acid may also 
form a condensation product with quinones. 


MatTeERIALS & METHODS 


Phenol or indoleacetic acid-phenol mixtures were 
shaken for 10 to 16 hours with polyphenol oxidase 
(PPO) with each reactant at concentrations of 
10-* mM, and 0.2m _ phosphate-citrate buffer at pH 
5.0. The enzyme was a lyophilized mushroom prep- 
aration (Nutritional Biochemicals Corp.) with PPO 
activity listed as 3.07 catecholase units per milligram 
and 7.03 cresolase units per milligram, and was 
present at 0.02 mg/ml in the reaction mixture. 

After reaction at room temperature, the solutions 
were frozen and lyophilized, and then stored in the 
frozen, dried state. Aliquots were taken from this 
powder as needed, washed with excess ether three 
times to remove unreacted IAA, taken up in a small 
amount of water, and spotted on paper for chroma- 
tography. 

Chromatography always employed isopropanol- 
water, 8:2, as the pigments were formed to be un- 
stable in acidic or alkaline solvent systems. After 
development the papers were sprayed with Ehrlich 
reagent (1 g p-dimethylaminobenzaldehyde in 100 ml 
1x HCl). 

Experiments with C!*-labeled indoleacetic acid 
utilized B-labeled material (Tracerlab) with specific 
activity of 0.29 mc/mmole. 


RESULTS 


Visual evidence for the reaction of indoleacetic 
acid (IAA) with phenols in the presence of PPO was 
found in alteration of the colors of the products 
formed. When catechol, chlorogenic acid, or caffeic 
acid was incubated with IAA plus PPO, intense, 
distinetive colors were formed which differed in each 
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case from the colors formed in the absence of the 
IAA. The colors for each of these reaction mixtures 
are listed in table I, along with the absorption peaks 
obtained when the crude mixture was examined for 
its absorption spectrum on the spectrophotometer 
(Beckman B). Note that when the pH was elevated 
to 6.4, these colors were not obtained and only the 
colors of the phenol self-reactions were obtained. 
When the phenols were omitted, no color developed 
at all unless the mixtures stood for 2 days, at which 
time only a faint discoloration appeared. When the 
enzyme was boiled no color developed. When IAA 
was added after the enzyme action was completed, 
the phenol self-reaction products remained apparently 
unchanged. 

Separation of the pigments formed in these re- 
actions was achieved by chromatography in isopro- 
panol-water, 8:2. In the presence of IAA, catechol 
formed a new chestnut colored pigment with an Rf 
of about 0.45, chlorogenic acid formed a new rose 
pigment with an Rf of about 0.45, and caffeic acid 
formed two new pigments including a pink one at 
about 0.55 and a brown one at 0.45. These four 
pigments were eluted from the papers and their ab- 
sorption spectra are presented in figure 1. All except 


TABLE [ 


Vists_tE Cotor & ABSORBANCE PEAKS OF REACTION 
MrxTurES OF PHENOLS WITH INDOLEACETIC ACID 
AFTER REACTION WITH PoLYPHENOL OxIDASE* 








WitHout IAA With IAA 


PHENOL hae mm e ES 
ABSORBANCE ABSORBANCE 
Cotor PEAKS CoLoR “PEAKS 
Catechol 3rown 350-380 Red 500-510 
Chlorogenic : 
acid Brown 340 Pink 340, 490-520 
Caffeic acid Orange- 335 Orange 335, 520 
brown 


* Solutions buffered at pH 5.0. 


one of the caffeic acid pigments show slight shoulders 
of absorption in the vicinity of 510 to 520 my, and all 
but the catechol pigment show absorption peaks near 
300 mez and troughs at 260 mz. The absorption 
spectra may not be of pure pigments, for it was found 
that these materials are highly labile, partially disap- 
pearing when the pH was noticeably raised or lower- 
ed, or even when the pigments were rechromato- 
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ABSORBANCE 











300. 400 500 
WAVELENGTH 
Fic. 1. Absorption spectra of partially purified pig- 
ments from the reaction of polyphenol oxidase with three 
phenols plus indoleacetic acid. A, the pigment from IAA 
and catechol; B, the pigment from IAA and chlorogenic 
acid; C-1 and C-2 the pigments from IAA and caffeic 
acid: Pigments eluted from chromatographs in water, 
and further diluted for the UV spectra. 


graphed in the same 8:2 solvent. Some characteris- 
tics of the four pigments are shown in table IT. 
Turning to the question of whether these pigments 
might be new self-condensation products of the 
phenols or whether in fact they incorporated the IAA 
moiety, the reaction with these three phenols was 
repeated using labeled IAA. The reaction mixtures 
were spotted on paper and developed in 8:2 solvent, 
yielding patterns of radioactivity on the paper as 
shown in figure 2. Each of the four pigments co- 
incided in location with peaks of radioactivity. The 


TABLE II 


CHARACTERISTICS OF 4 AUXIN-PHENOL COMPLEXES 
& PARENT CompouNpDs* 








ULTRAVIOLET EHRLICH 


CoMPOUND 
Rf FLUORESCENCE COLOR 


“Blue fluor. Purple 


Quench 


IAA 0.75 

Catechol 0.88 nee 

IAA-Catechol 
(A) 


0.45 Chestnut Quench Olive 
Chlorogenic 


acid 0.60 eee 
IAA-Chloro- 

genic (B) 0.45 Rose 
Caffeic acid 0.65 nen 
IAA-Caffeic 

(C-1) 0.55 Pink 
IAA-Caffeic 

(C-2) 0.45 Brown Quench 


Yellow fluor. 


Quench 
Yellow fluor. 


Brown 


Quench Yellow 


Olive 





* As determined by chromatography in isopropanol- 
water 8: 2. 


600 mu. 


separation was repeated with large enough amounts to 
permit the elution of the four pigments with wi: ter 
(plus carrier IAA), respotting them on a new pzper 
and developing again in 8:2 solvent. Again the 
same four radioactive spots were obtained. 

In the chromatography of these auxin-phenol 
complexes, it is generally found that there is exten- 
sive binding of the complex on the start line. 1 his 
is evident as a dark spot remaining on the start line 
whether one is chromatographing the crude reaciion 
mixture or rechromatographing the partially puritied 
pigments. It is also evidenced by the radioactivity 
from the IAA retained at the start line in every 
chromatograph of the labeled materials (cf. fig 2), 





/AA-Catechol 





) 
iy’] 
re) 
fe) 











lAA-Caffeic Acid 





C-2 Cl 


RADIOACTIVITY (cpm 











Rf 


Fic. 2. The radioactivity of chromatographs of re- 
action mixtures using tagged indoleacetic acid with cate- 
chol, chlorogenic acid, or caffeic acid. Colored spots on 
the papers are indicated along the abscissa. Symbols as 
in figure 1. 


The instability of the auxin-phenol pigments is 
further shown by their rechromatography, which in- 
variably led to the appearance of two, three, or four 
new spots with Rf values different from the pig- 
ments themselves, and detectable by fluorescence or 
by Ehrlich reagent spray. 





four 
pig- 
> or 
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Equal molarities of IAA and the phenol were in- 
cluded in the reaction mixture and clearly not all of 
the IAA was used up in the reactions. Attempts 
were made to obtain an approximation of the amount 
of free IAA remaining after 2 hours reaction of 5 X 
10-* mole IAA with catechol. Calibration curves 
of known amounts of IAA and of IAA plus ether- 
extractable phenolic residues were made using the 
Salkowski color assay (1 ml IAA, 4 ml Salkowski 
reagent, read at 525 mw after 30 min). Ether ex- 
tracts of several 5 ml aliquots were evaporated, taken 
up in 5 ml water, and tested with Salkowski reagent, 
yielding an absorbance reading of 0.43, a value which 
is equivalent to 2.2 x 10~* mole of TAA on the 
calibration curve with phenolic residues. It appears, 
then, that approximately half the [AA was no longer 
Salkowski positive after the 2 hour reaction time. 

Tests were carried out using 5-hydroxyindoleacetic 
acid instead of indoleacetic acid, and again new pig- 
ments were formed with each of the three phenols 
tested. The reaction appeared to be much more com- 
plete in the case of the hydroxyindoleacetic acid, for 
after 2 hours no free acid could be detected by 
chromatographic separation of the mixture. 


DISCUSSION 


The experimental evidence accumulated here sug- 
gests that IAA forms some addition products with 
the quinones produced by the action of PPO on 
catechol, chlorogenic acid, or caffeic acid. The 
colored products contain the C'* of the indoleacetic 
acid moiety as indicated by the isotope experiments. 
Upon rechromatography of the colored products, 
several new spots are obtained which show the bril- 
liant fluorescence characteristics suggestive of phe- 
nols. 

Thimann (8) first observed the disappearance of 
IAA by the action of an oxidative enzyme in plant 
materials. Wetmore and Morel (11) implicated 
PPO as a possible agent in the oxidation of auxin 
at the cut surfaces of tissues and tissue cultures. 
Briggs and Ray (2) established that the enzyme 
tyrosinase (or PPO) could cause the inactivation of 
IAA in vitro, provided that either catechol or pyro- 
gallol was present during the enzymatic reaction. A 
similar set of experiments was reported by Tomaszew- 
ski (9), but this time another phenol, chlorogenic 
acid, was added. In neither of these cases was an 
oxidation product separated, but biological activity of 
the [AA was depressed in the crude reaction mixture. 
Tomaszewski (9) interpreted his bioassay results as 
indicating a synergistic effect by the oxidation prod- 
uct, while Briggs and Ray (2) interpreted their ex- 
periments as indicating either coupled oxidation of 
IAA and phenols or a condensation of IAA with the 
quinone products of the PPO. Our experiments sup- 
port the latter interpretation, with the formation of 
new products containing both the colored qualities of 
quinone addition products plus the IAA moiety. 


One might anticipate two possible types of addi- 
tion products between IAA and quinones. The 
quinone might add to the nitrogen of the indole ring 
in the manner of proline-quinone additions (1), or 
it might add to one of the carbon atoms of the furane 
ring in the manner of indole-quinone additions (3). 
If the former is the case, one would expect the addi- 
tion product to be colored and to show an absorbance 
peak or shoulder at 510 mu, as three of the four pig- 
ments separated here do (fig 1). However, such 
quinone-nitrogen products generally are able to oxi- 
datively deaminate such primary amino acids as gly- 
cine (1), and attempts to obtain such an oxidation 
with IAA-catechol complex yielded negative results 
(7). The evidence is not conclusive, however, be- 
cause the oxidation of glycine by proline-catechol re- 
quired that the pH be elevated to 6.4, a pH at which 
the TAA-catechol appeared to be unstable. 

The widespread occurrence of chlorogenic acid 
and caffeic acid in plants (12,10) suggests that 
auxin-phenol complexes may be of common occurrence 
in plants, especially in parts which are rich in poly- 
phenol oxidase. The biological activity of the com- 
plexes in stimulating growth will be examined in 
another communication. 


SUMMARY 


In vitro studies with polyphenol oxidase and three 
phenols indicate that an enzymatic reaction involving 
indoleacetic acid can occur with the formation of new 
colored pigments. Such pigments were chroma- 
tographically separated from reactions with catechol, 
chlorogenic acid, and caffeic acid, respectively. The 
use of isotopically tagged indoleacetic acid indicated 
that the pigments may contain the auxin moiety, sug- 
gesting that they are addition products of the auxin 
and quinones. Possible implications of such pigments 
in plants are discussed. 
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CONVERSION OF NICOTINE TO NORNICOTINE IN HARVESTED TOBACCO: 
FATE OF THE METHYL GROUP! 
W. STEPKA & L. J. DEWEY 
DEPARTMENT OF RESEARCH & DEVELOPMENT, THE AMERICAN Tosacco Company, & 
DEPARTMENTS OF PHysrIoLocy & BIOCHEMISTRY, 
MEDICAL COLLEGE OF VIRGINIA, RICHMOND 


Studies on the origin of nornicotine in tobacco, 
recently reviewed by Mothes (14), have been made 
by several investigators but the mechanism of its for- 
mation still remains obscure. Indeed there may be 
more than one mechanism. Dawson (5) and II’in 
(11) have shown that in some varieties nornicotine is 
formed in the leaves from nicotine translocated from 
the roots. In other varieties demethylation alone can- 
not explain the origin of the entire nornicotine pool. 
Thus, Tso and Jeffrey (25) found that Nicotiana 
tabacum L. var. Robinson Medium Broadleaf grown 
in nutrient solution containing N?° produced nornico- 
tine which had a higher percentage excess of N?*5 
than the nicotine from the same plant. Clearly, some 
of this nornicotine must have had an independent 
origin. 

The post-harvest increase of nornicotine observed 
in some varieties appears to be associated with a 
simultaneous decrease of nicotine (26,8) and may 
thus be distinct from de novo synthesis. This in- 
verse relationship has lead to the widely-held view 
that here the nornicotine does arise from nicotine by 
demethylation. 

Invoking known metabolic reactions, two general 
mechanisms by which nicotine may be converted to 
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nornicotine can be formulated (6) : A, through trans- 
methylation, or B, through oxidative demethylation. 
The first possibility has little experimental support al- 
though Bose et al. (2) have reported a slight in- 
crease in nornicotine when nicotine was incubated in 
the presence of tobacco tissue homogenates and etha- 
nolamine. In the absence of ethanolamine no con- 
version was detected. 

The oxidative pathway has received more support 
than has transmethylation. Wenkert (27) has treat- 
ed it theoretically and suggests nicotine 1’-oxide as an 
intermediate. On an experimental basis, Egri (7) 
and Il’in (12) both consider the oxidative mechanism 
to be of prime importance. Egri reports that nicotine 
1’-oxide infiltrated into tobacco leaves gives rise to 
an increase in nornicotine. II’in has shown that the 
demethylation of nicotine is coupled with an enhanced 
oxygen uptake. 

We undertook the present investigation to see if 
a study of the fate of the methyl group might provide 
a more adequate experimental basis for a choice be- 
tween the alternative mechanisms. 


MartTeErRIALs & MeEtHuops 


LABELED NIcoTINES: Randomly labeled L-nico- 
tine-C'* (specific activity 9 uc/mmole) was isolated 
from plants of an inbred line of Nicotiana tabacum L. 
var. Oxford 1-181. The plants were grown hydro- 
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ponically at the Radiological Nutriculture Laboratory 
rom the seedling stage to maturity in an atmosphere 
enriched with C'*O, within a hermetically sealed 
chamber especially designed for the purpose (17,19). 
During the period of C'* assimilation the fresh weight 
of the plants increased from an average of 4 g to an 
average of 2.2 kg per plant. 

The velatile bases, evolved during flue-curing of 
the leaves from the labeled plants, were isolated as the 
crude silicotungstates. The nicotine was obtained 
irom an alkaline solution of these by azeotropic dis- 
tillation (20) through a Widmer column into a solu- 
tion of hydrochloric acid. Excess acid was removed 
by repeated concentration at reduced pressure and 
then the nicotine was regenerated as the free base by 
adding excess Dowex-21-OH resin to a solution of 
the hydrochloride. The concentration of L-nicotine- 
C'* in the final solution was determined spectrophoto- 
metrically using constants reported in the literature 
(28). The purity of the final product was checked 
by exposing two-dimensional chromatograms to x-ray 
film. No radioactive contaminants were detected 
after an exposure of 3 weeks. 

Nicotine-N-methyl-C'* was prepared by methyl- 
ating L-nornicotine with formaldehyde-C™ according 
to the method described by Markwood (13), but using 
a closed system to prevent loss of radioactivity and to 
avoid the use of excess formaldehyde. The nicotine- 
N-methyl-C' was isolated by azeotropic distillation. 
It was assayed and tested for purity by the methods 
described above for nicotine-C!4. The specific ac- 
tivity of the N-methyl-C', calculated from the nomi- 
nal value of the commercial sample of formaldehyde- 
C'*, was one millicurie per millimole. 


PLANT MATERIAL & INFILTRATION TECHNIQUES: 
Tobacco plants were grown in the greenhouse in 
aerated Hoagland’s solution supplemented with A, 
micronutrients (10, Method B, soln 1) and with am- 
monium nitrate to a final concentration of 0.002 m. 
Two varieties were grown: one, a flue-cured type 
known as Oxford 1-181, normally contains nicotine 
as the major alkaloid with only minor amounts of 
nornicotine; the other, a dark cigar type (Univ. of 
Kentucky LN 36-13-57, No. 82), contains nicotine as 
the major alkaloid during its vegetative period but is 
capable of transforming the nicotine almost com- 
pletely to nornicotine when air cured (8). Conse- 
quently, the cured leaf of the latter variety contains 
nornicotine as the major alkaloid and only small 
amounts of nicotine. We refer to this variety as 
“converter”. : 

A leaf on a mature plant was selected and pre- 
pared for transpirational infiltration with labeled 
nicotine. For this, an area on the adaxial surface in 
the basal region of the midrib was wiped free of epi- 
dermal hairs and ringed with silicone grease to con- 
fine the solution being fed. The leaf was then cut off 
under water about two centimeters below the prepared 
area and transferred, with the cut end still submerged, 
onto an elevated operating screen. 
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Infiltration was initiated immediately. A meas- 
ured volume—usually 100 «l—of the radioactive solu- 
tion was deposited within the silicone dam. An in- 
cision severing the vascular bundles was then made 
through the droplet (4,16) with a pointed scalpel. 
The tip of the blade was worked through an arc to 
expose the entire cross-section of the conducting tis- 
sue to the administered fluid. The leaf began ab- 
sorbing the droplet immediately at a rapid rate, and 
the supply of water to the basal end was then re- 
moved. During the uptake, care was taken to pre- 
vent the development of an air lock by keeping the 
incision flooded with repeated applications of the 
labeled solution. When the desired amount of ma- 
terial had been taken up, the solution was washed in 
by similar applications of water. The rate of uptake 
could be controlled within limits by manipulating the 
factors which influence transpiration. Under our 
conditions an average leaf absorbed 2 to 3 ml of fluid 
in less than 1 hour. 


. +f +-4 5 : 
ool. tt Bl fy wl@p 
la} lip} Lc | {lo} ; 

Fic. 1. Schematic diagram of curing — . A: 
CO., absorber; B:  rehumidifier (H. — curing 
chamber; D: scrubber (2N H,SO,); E: trap; F and 
G: scrubbers (1N NaOH); H: flow-control valve; 
I: pump. 


Curinec & CoLLectinG Metapotic CO,: The in- 
filtrated leaf was weighed and then transferred into 
a curing chamber fitted with inlet and outlet cocks. 
Pickle jars (l-gal) served the purpose in the 
earlier experiments ; subsequently, flat chambers, 39.5 
< 30 x 3.8 cm (internal dimensions) were assembled 
from Lucite panels 34 inch thick. The sealed con- 
tainer was connected to a train of accessories (fig 
1). It was covered with a double thickness of heavy 
black cloth to exclude light. 

Air was drawn through the system by a pump, I. 
Carbon dioxide in the incoming air was adsorbed by 
Caroxite in tube A. The air was rehumidified by 
bubbling through water in B. It then passed over the 
leaf supported on a screen shelf in C and through 2.N 
H.SO, in D and 1 nN NaOH in F and G. The flow 
rate was adjusted to about 100 ml per minute by 
short circuting the flow through valve H. Tube A 
was renewed as required and the contents of tubes F 
and G were collected at 24 hour intervals. The 
curing period was determined by the appearance of 
the leaf. In individual experiments it lasted from 
188 to 291 hours. The temperature was maintained 
at 23 26:2°C. 

The CO, absorbed in traps F and G during each 
interval was precipitated by cautious addition of 
BaCl, solution in slight excess. The precipitated car- 
bonate was collected by centrifugation and was wash- 
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ed three times with water, or until indicator strips 
showed the pH to be near 7. Trap G rarely yielded 
a precipitate. If found, it was combined with that in 
F at the first washing. 

One experiment was designed to test the effect of 
anaerobic conditions on the metabolism of nicotine. 
For this, the leaf was split lengthwise after infiltration 
and half was cured aerobically as described ; the other, 
anaerobically in a stream of nitrogen scrubbed 
through Oxorbent. After insertion of the leaf, the 
anaerobic chamber was flushed with a rapid stream 
of nitrogen before it was connected to the absorption 
train. 


EXTRACTION: The cured leaf was cut up into 
boiling 95 % ethanol. After standing at room tem- 
perature (usually overnight) the ethanol was decant- 
ed and the strips were disintegrated in a blendor in 
30 % ethanol. The homogenate was filtered with the 
aid of suction through Whatman No. 41H paper on 
a small Buchner-type funnel. The residue was re- 
extracted three more times in the blendor with 30 % 
ethanol; once by resuspending in hot 30 % ethanol; 
and finally, with hot water. No more radioactivity 
could be extracted from the residue after this sequence 
of treatments. 

The filtrates were combined, their volume was 
measured, and then a small portion was removed for 
radioassay. The remaining extract was concentrated 
at reduced pressure at temperatures below 40 C. 
Usually 1 ml of the final concentrate represented the 
solubles from about two grams of fresh tissue. 


CHROMATOGRAPHIC ANALYSIS OF EXTRACTS: 
Samples of the extract were spotted on Whatman No. 
1 paper for two directional chromatography. The 
volumes applied represented known amounts of tissue 
—routinely 200 mg fr wt, but ranged from 150 to 300 
mg. Three solvent systems were used. Phenol- 
water [prepared by adding 39 ml of H,O per 100 g of 
redistilled phenol (23)] and sec-butanol-formic acid- 
water were used alternatively for the first direction. 
The latter solvent was prepared by mixing sec- 
butanol with a stock solution of formic acid (formic 
acid 88-90 %, 1,120 ml; H.O, 880 ml) in a volume 
ratio of three to one (9). For the second direction 
n-butanol-glacial acetic acid-water (100-22-50 v/v/ 
v) was used (23). The acidic solvents were pre- 
pared just before use. 

Multiple chromatograms were prepared to permit 
spraying with a variety of reagents, and also to pro- 
vide sufficient material for further diagnostic tests 
on eluates. The chromatograms were inspected 
under both long- and short-wave ultraviolet light. 
Any fluorescent or quenching areas thus revealed 
were outlined. 

Radioautograms of the chromatograms were pre- 
pared by exposure to x-ray film, routinely for 3 weeks, 
but adjusted in individual cases to suit the circum- 
stances. 

Radioactive spots on the chromatograms were 
identified by chromatographic position; by their be- 


havior toward spray reagents; by elution and coch »- 
matography with authentic specimens, and by ini: r- 
ence from their response to chemical treatment. ‘o 
illustrate, one radioactive spot suspected to be se: 
from its chromatographic position and reaction ih 
ninhydrin, cochromatographed with authentic ser ie 
in the three solvent systems. It also yielded a vi a- 
tile radioactive fragment precipitable with dime on 
when oxidized with periodate (15) along with carrer 
serine. 
serine. 

Classes of compounds were characterized by ei- 
ploying spray reagents described in the literature (1, 
21,23): thus, ninhydrin for amino acids; diazotized 
aromatic amines for phenols; Koenig’s reaction and 
Dragendorff’s reagent for pyridine derivatives, etc. 

Differentiating reagents were used where avail- 
able. For nornicotine, the isatin reagent of Stephens 
and Weybrew (22), and an o-benzoquinone reagent 
adapted from the Trautner and 
Roberts (24), when used in conjunction with chroma- 
tographic position, may be classified as such. We 
prepare the o-benzoquinone reagent by mixing one 
volume of 0.01 mM catechol with 2.5 volumes of 1 m 
phosphate buffer, pH 7.4, and adding one volume of 
0.04 K,Fe(CN), solution. With this, nornicotine 
and some other secondary amines react immediately 
to produce burgundy-red spots. 

Choline was identified by the distinctive color it 
forms with Dragendorff’s reagent (1, p 361); by its 
reaction with  2,2’,4,4’,6,6’-hexanitrodiphenylamine 
(1 p 352), and by cochromatography with an au- 
thentic specimen. 


The original spot was therefore identified (s 


observations of 


RApDIOASSAY: For radioassay, C!4-containing ma- 
terials were plated onto aluminum planchets at densi- 
ties below 0.5 mg/cm?. Consequently corrections for 
self absorption were not required. A planchet spin- 
ner, mounted under a hair dryer which supplied warm 
air, was used in plating solutions or thin suspensions. 
Solids, such as BaCO, and insoluble residues, were 
first suspended in ethanol by grinding in a Ten 
Broeck homogenizer. 

Nicotine solutions were injected into a drop of 
dilute oxalic acid solution on the planchet before 
spreading. Such plates retain their original levels of 
radioactivity over extended periods. 

For quantitative purposes the radioactivity of all 
plates was counted in triplicate with a thin mica end- 
window beta counter. The customary corrections 
The average of the three counts was 
used in computing the data reported here. 


were applied. 


RESULTS 


METABOLISM OF RANDOMLY LABELED NICOTINE: 
Randomly labeled nicotine was chosen for the early 
stages of the investigation because it provided an easy 
means of detecting its conversion to nornicotine. 
Futhermore, it was expected that fragments from the 
randomly labeled compound would also provide an 
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TABLE I 


DISTRIBUTION OF RADIOACTIVITY From RANDOMLY LABELED NIcoTINE-C!4 
IN 2 DIFFERENT STRAINS OF TOBACCO 














VARIETY FED SOLUBLE co, RESIDUE RECOVERED 
Converter* cpm x 10-3 412.6 349.2 18.3 65 374.0 
% (100) (84.6) (4.5) (1.6) (90.7) 
Oxford-1-181** cpm x 1078 49.5 46.1 None None 46.1 
% (100) (93.0) (0) (0) (93.0) 


*Fresh weight: 10.4 g; curing period: 188 hr; ¥ CO, 
*k Fresh weight: 14.3 g; curing period: 247 hr; } CO, collected: 18.1 mmoles. 





opportunity for the recognition of concomitant proc- 
esses. 

In table I are compared the results from a typical 
experiment with the converter with those obtained 
from a single experiment with the Oxford 1-181 
variety. It is established from the data that leaves 
of the former are capable of oxidizing nicotine carbon 
to CO., whereas leaves of the latter are not. 

From radioautograms from chromatograms of the 
soluble fractions it is further established that nicotine 
is metabolically active in the converter strain, but not 
in the Oxford 1-181 variety where unchanged nico- 
tine represented all of the detectable radioactivity. 
The converter showed nornicotine as the major radio- 
active component in this fraction. Hence, in agree- 
ment with the results obtained by Schroter (18) with 
N. glauca Grah., we may conclude that here too nico- 
tine is converted to nornicotine. Moderate amounts 
of radioactivity were also present in residual nicotine, 
serine, and choline. A few unidentified components 
containing minor amounts of radioactivity were also 
present. 

In table I it is shown that 4.5 % of the total radio- 
activity was recovered in the CO, fraction. This 
suggests that the CO. may have been derived from a 
single carbon atom of the nicotine molecule. On this 
assumption, the expected figure would be 10 % if con- 
version were complete. In this experiment conver- 
sion was estimated to be only about 60% complete 
from counts made directly on the chromatograms. 
Allowing for this, the observed recovery in the CO, 
fraction would be about three-fourths of that expected 
on the single carbon hypothesis. The carbon atom 
most likely to be involved would be the N-methyl car- 
Had the C'*O, originated in the ring carbons, 
the chromatograms should have revealed the appro- 
priate fragments. Our chromatograms did not pro- 
vide any evidence for this possibility. 


bon. 


METABOLISM OF SPECIFICALLY LABELED NICOTINE: 
To obtain more obvious evidence concerning the ori- 
gin of the CO, carbon, nicotine-N-—methyl—C'* was 
infiltrated into converter leaves. In Table II are 
summarized the results from one such experiment. 
The respired CO, accounted for 66.7% of the total 
radioactivity fed proving that the N-methyl group is 
metabolized to CO,. 


CO., collected: 6.6 mmoles. 


The data in table II show again that conversion 
was incomplete. Chromatograms of the soluble frac- 
tion confirmed this since residual nicotine produced 
the most prominent spot on the radioautograms. It 
accounted for 51 % of the soluble activity, serine for 
11 % and choline for 1%. About 11 % of the soluble 
activity remained at the origin. The remainder was 
present in unidentified compounds. 


Errect OF ANAEROBIC CONDITIONS: The results 
of the preceding experiments have shown that the 
conversion of nicotine to nornicotine is associated 
with the oxidation of the methyl carbon to CO,. The 
process, therefore, must be oxygen dependent, and 
manipulation of the oxygen supply might be expected 
to reveal the locus of the oxygen requirement. Fol- 
lowing this reasoning, a converter leaf was infiltrated 
with nicotine-methyl-C'. It was then split along 
the midrib and one portion was cured aerobically ; the 
other anaerobically (table III). Absence of oxygen 
abolished the conversion of the methyl carbon to CO, 
although it did not suppress CO, evolution from en- 
dogenous substrates to the same degree. No radio- 
activity could be detected in the anaerobic CO.,, 
whereas 27 % of the radioactivity available to the 
aerobic section was recovered as CO,. 

Chromatograms of the soluble fraction revealed 
further that anaerobic conditions prevented the spread 
of radioactivity from the methyl group to the metabo- 
lites normally present in the aerobic experiments. 
More than 99 % of the soluble activity remained in 
the nicotine. Trace amounts of radioactivity were 


TABLE II 


DISTRIBUTION OF RaprioaActivity From Nicotrne-N-C!4H, 
IN CONVERTER LEAF* 











FRACTION CPM x 107-3 % 
Fed 1,188.2 100.0 
Soluble 207.2 17.4 
Residue 56.0 4.7 
CO, 792.8 66.7 

1,056.0 88.8 


Recovered 


*Fresh weight: 31.8 g; curing period: 291 hr; 
> CO, collected: 19.4 mmoles. 


— 
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TABLE III 


Errect oF Arropic & ANAEROBIC CONDITIONS ON DISTRIBUTION OF RADIOACTIVITY 
From Nicotine-N-C!4H, 1n CoNverTER LEAF 








AErRoBIC HALF* ANAEROBIC HALF** 














CPM x 10-3 % of RECOVERED CPM x 10-8 ©% of RECOVERED. 
Fed 2,650 x 10° CPM*** 
Soluble 571 65.6 1,562+ 99.3+ 
Residue 63.9 7.3 11.4 0.7 
co, 236.0 27.0 None 0 
Total 871 99.9 “1573 100 





*Fresh weight: 19.5 g; curing period: 192 hr; S CO, collected: 6.6 mmoles. 





** Fresh weight: 18.5 g; curing period: 192 hr; > co, collected : 





5.3 mmoles. 


*** Overall recovery: (871 + 1573) x 10° xX 100 = 92.3%. 


~ 2650 x 103 


+ Nicotine accounts for more than 99 % of this radioactivity. 


detected in only two other spots, both unidentified. 
Neither serine nor choline was radioactive. 

A parallel analysis of the aerobic portion revealed 
the normal distribution of radioactivity. The highest 
level appeared in unchanged nicotine. Serine, cho- 
line, and the unidentified spots all contained radio- 
activity. 


INSOLUBLE ReEsIpDUE: The data presented in the 
tables and also from unreported experiments show 
that the insoluble residue retains radioactivity which 
appears to be related to the oxidation of the methyl 
group of nicotine. Either C'* was not incorporated 
into this fraction (table I, Oxford 1—181), or its 
incorporation was greatly reduced (table III, anae- 
robic column) when the methyl carbon was prevented 
from entering the CO, pool. 

The radioactive component(s) could not be ex- 
tracted by continuous treatment with chloroform, 
ether, or acetone; nor hydrolyzed with 6N HCl or 
5N NaOH at 100C for 12 hours. This behavior 
suggested that radioactivity might be associated with 
lignin. Accordingly, the residue described in table 
II was used to isolate lignin by the method of Byer- 
rum, et al. (3). The yields were 9.7 and 9.5% in 
two parallel isolations. Both lignin samples con- 
tained radioactivity, but only about ten per cent of the 
total was recovered from the demethylation (3) of 
Most of the radioactivity remained in the re- 
action mixture; its nature remains in doubt. 

The insoluble residues were not investigated fur- 
ther. Nevertheless these limited observations allow 
the conclusion that, under some conditions, the methyl 
group of nicotine may contribute its carbon atom to 
the lignin pool. 


each. 


DISCUSSION 


The main objective of these experiments was to 
provide a basis for a choice between the two possible 


pathways of the nicotine to nornicotine conversion. 
We succeeded in establishing the ultimate fate of the 
methyl group by tracing it to CO., but the initial and 
intermediary steps still remain obscure. The full pic- 
ture is likely to emerge only after one or more of the 
unknown intermediates has been identified. Mean- 
while the evidence for the oxidative nature of the 
overall reaction has been considerably augmented. 

The anaerobic experiment failed to identify the 
locus of the oxygen requirement. The results can be 
interpreted in two ways: A, that the effect of oxygen 
is direct, involving the nicotine molecule itself; or, 
B, indirect, by regulating the supply of some energy- 
rich compound such as ATP which would be required 
for activation if the methyl group of nicotine were re- 
moved through a transmethylation reaction prior to 
oxidation. Although unlikely, the latter possibility 
cannot be ruled out on the basis of present evidence. 

A direct effect of oxygen could mean that the 
nicotine must first be activated by an oxidative step. 
Such a concept has been proposed by Wenkert (27) 
who suggested nicotine 1’-oxide as an intermediate. 
It is supported by the work of Egri (7) who has re- 
ported that feeding of the oxide to tobacco leaves re- 
sults in an increase of nornicotine. In our experi- 
ments we could not detect radioactivity in the nico- 
tine 1’-oxide region on our chromatograms. 

If we follow our observation and admit the possi- 
bility that nicotine 1’-oxide may not be a participant 
in the conversion, the oxygen requirement could be 
explained in still another way. The methyl group it- 
self may first be oxidized (perhaps to the level of 
formaldehyde) and then transferred to a carrier mole- 
cule from which it could be further oxidized to CO,. 
Mothes (14) would explain the oxygen-linked de- 
methylation of nicotine reported by Il’in (12) and 
EKgri (7) in a similar manner and would equate the 
carrier molecule with the folic acid system. Al- 
though tempting, the identification with folic acid in 
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this particular demethylation still lacks experimental 
verification and discounts the possibility that un- 
known carriers may exist. It is clear that additional 
information will be needed before the problem is 
solved. 


SUM MARY 


The post-harvest conversion of nicotine to nor- 
nicotine by leaves from a strain of cigar tobacco has 
been studied with the aid of randomly and specifically 
C'4-labeled nicotines. The experiments represent an 
attempt to trace the fate of the methyl group and to 
provide data for a choice between possible mecha- 
nisms of the reaction. 

The results reported have confirmed the conver- 
sion of nicotine to nornicotine and have established 
that the conversion is coupled with the oxidation of 
the methyl carbon to CO,. The existing evidence for 
the oxidative nature of the overall reaction has been 
considerably augmented although the initial steps of 
the reaction remain obscure. 

Incidental observations on the spread of carbon 
from the methyl group of nicotine to other metabolic 
pools such as serine, choline, and some unidentified 
compounds have been made. These observations also 
allowed the conclusion that the methyl group of nico- 
tine can contribute carbon to lignin. 
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STUDIES IN VALINE BIOSYNTHESIS: 


II. ENZYMATIC DEHYDRATION OF a, B-DIHYDROXYISOVALERIC 
ACID BY PLANT EXTRACTS *? 
ROBERT L. WIXOM & ROBERT J. HUDSON 


DEPARTMENT OF BIOCHEMISTRY, SCHOOL OF MEDICINE, UNIVERSITY OF ARKANSAS, LITTLE Rock 


The dehydration of a, B-dihydroxyisovaleric acid 
to a-ketoisovaleric acid is an intermediate step in the 
biosynthesis of the amino acid, valine. The dehy- 
drase that catalyzes this conversion was first ob- 
served in the mold, Neurospora crassa and in a bac- 
terium, Escherichia coli (12). More detailed studies 
on the dehydrase of baker’s yeast, Saccharomyces 
cerevisiae have been reported (22). Recently the de- 
hydration of a, B-dihydroxyisovaleric acid was found 
to be catalyzed by cell-free extracts of Torulopsis 
utilis, Serratia marcesens, Bacterium cadaveris, and 
Micrococcus lysodeikticus (23). All of the above 
seven. organisms are able to grow with an inorganic 
nitrogen source and thus can synthesize all of their 
amino acids. 

The above two characteristics are likewise shared 
by higher plants. Verification is found in the nutri- 
tional requirements of plant organs in aseptic tissue 
culture. However there have been no_ reported 
studies to date on the pathway of valine biosynthesis 
in higher plants. In this connection and to continue 
the above dehydrase distribution studies, this enzy- 
matic activity was found in crude extracts of Chlorel- 
la pyrenoidosa. As the photosynthetic algae and 
fungi, including the above bacteria, belong to the 
phyllum, Thallophyta, it was desirable to examine 
members of the phyllum, Spermatophyta. Thus the 
next inquiry, reported in the following pages, was 
the direct examination of cell-free extracts of tissues 
of the class Angiospermae, including both Mono- 
cotyledoneae and Dicotyledoneae. In addition to pro- 
viding the first clues to the steps of valine biogenesis 
in higher plants, the dehydrase was found mainly in 
the leaves. 


MarTERIALs & METHODS 


PREPARATION OF DEHYDRASE Extracts: ‘The 
batch of cells of the green algae, Chlorella pyrenot- 
dosa Chick. TX 71105 was a valuable gift from Dr. 
G. M. Christensen. The growth medium consisted 


i Received April 3, 1961. 

2 This investigation was supported by Grant No. 
RG-6626 of the National Institutes of Health, United 
States Public Health Service. A report of these experi- 


ments was presented Dec. 1 to 3, 1960, at the 16th South- 
west Regional Meeting of the American Chemical Society, 
Oklahoma City, Oklahoma. 





of urea, magnesium sulfate, phosphate buffer, an 
trace elements. After 5 days of fluorescent illumi 
nation and vigorous aeration with 97.5 % air to 2.5 &% 
CO, mixture, the algal cells were harvested and 
promptly frozen for shipment. Comparison of sey 
eral methods of cell rupture indicated that a con- 
venient means for rupture of Chlorella was grinding 
with glass beads (7). Frozen Chlorella (25¢) 
were placed in a 50 ml cup with 25 ml cold 0.10 
potassium phosphate buffer, pH 7.4, and 50 ¢g cold 
micro glass beads (Superbrite, 0.2 mm diam, Min- 
nesota Mining & Manufacturing Co.) and the cup 
was surrounded by crushed ice. After 5 minutes of 
high speed rotation in a Virtis 45 homogenizer, the 
homogenate was centrifuged at 18,000 x g for 20 
minutes. The clear yellow supernatant was stable 
for several months on storage at —20C. This 50% 
extract was diluted to 20% (1:5 w/v dilution) for 
the experiments and for consistency in reporting 
results. 

Plant seedlings were germinated in a manner 
similar to published reports. Corn (var. Golden 
Bantam), bean (var. Black Valentine), and castor 
bean seeds were sterilized by immersion in 0.5 % 
NaOCl for 10 minutes and soaked for 1 hour in run- 
ning tap water. Pea seeds (var. Alaska) were 
similarly sterilized, soaked overnight, and then trans- 
ferred to petri dishes containing several sheets of 
moist filter paper and a small beaker of water and 
germinated for 5 to 11 days at about 25C. Carrot, 
cucumber, and radish seeds were similarly germi- 
nated in petri dishes. With the exceptions in table 
IV, germination was carried out in sunlight or fluo- 
rescent light. Sunflower, peanut, corn, barley, castor 
bean, wheat (var. Chancellor), cotton (Delta Pine 
var.), and tomato (var. Rutgers) seeds were germi- 
nated in plastic pots containing moist vermiculite with 
distilled water supplied by subirrigation. Bean and 
soybean (var. Lee) were germinated in vermiculite 
in contact with a complete salt solution These tis- 
sues which were free of visible mold contamination, 
were used for the experiments in tables I to V. 

For adult plant tissues, some of the seedlings were 
transferred to a soil-vermiculite mixture in clay pots 
for 3 to 6 weeks of further development. Some of 
the mature plant tissues were obtained fresh from a 
vegetable garden or greenhouse and _ transported 
promptly to the laboratory under refrigeration to in- 
sure viable tissues. Others were obtained from com- 
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mercial sources. The source of each is indicated in 
table VI. 

Plant extracts usually were prepared by homoge- 
nizing the tissue with four volumes of cold 0.40m 
sucrose in 0.10 mM potassium phosphate buffer, pH 
74, for 30 seconds in a Virtis homogenizer. 
Preliminary experiments indicated that grinding with 
sand in a mortar for some of the fibrous tissues or 
a teflon Potter-Elvehjem homogenizer for several 
soft seedling tissues gave the same yield of enzyme 
activity. Extraction with water or isotonic sucrose 
gave lower activity than the above media in several 
cases, while homogenization with 0.10 m phosphate 
or 0.10 M tris [tris( hydroxymethyl )aminomethane- 
hydrochloride] buffer, pH 7.4 had activity similar to 
the sucrose-phosphate solution. After homogeniza- 
tion, the extracts were strained through four layers 
of cheesecloth and, unless otherwise stated, centri- 
fuged at 18,000 x g for 20 minutes. All of the above 
steps were performed at 2 to 5C. Spinach super- 
natant was stable for several weks at —20C, but had 
lost considerable activity by 6 months. All other ex- 
tracts were used for assay within 1 hour after homog- 
enization. 


DinyprRoxy Acip DEHyYpDRASE Assay: Unless 
specified elsewhere in this paper, the conditions for 
the in vitro assay were as follows. The complete 
system contained 0.05 m tris buffer, pH 7.4, 0.02 m 
MgCl., 0.02 M pL-a,B-dihydroxyisovalerate (pH 7.4) 
and 0.10 to 0.50 ml of plant extract in a final volume 
of 1.0 ml. As 0.30 ml of extract was most frequently 
used, all assay values are corrected to and reported 
on this basis. The experiments in figures 1 and 2 
and table I were performed in centrifuge tubes in an 
air atmosphere at 37 C for 30 minutes. The reactions 
in tables II to VI were incubated in 10 ml beakers in 
a Dubnoff metabolic shaker in a nitrogen atmosphere 
with the same conditions of temperature and time. 
After incubation, the reaction was terminated by add- 
ing tungstic acid and the mixture was centrifuged. 
An aliquot of the supernatant was used to determine 
the keto acid concentration by the method of Friede- 
mann and Haugen (4), in which the dinitrophenylhy- 


Fic. 1 (left). Effect of volume of enzymic 





drazone was allowed to form for 15 minutes and was 
extracted with toluene and then sodium carbonate. 
After measuring the optical density at 510 my, the 
keto acid concentration was read from a standard 
curve prepared with crystalline sodium a@-ketoisoval- 
erate. 

Each assay figure herein is the average keto acid 
concentration of triplicate complete beakers with the 
usual correction for apparent keto acid in control 
beakers without added enzyme and without substrate. 
The enzyme extracts generally had low amounts of 
apparent keto acid, presumably mainly pyruvate, ex- 
cept for the adult cucumber leaf, bean leaf, soybean 
leaf, and onion tissues and the seedlings noted in 
table V. In several of these latter tissue extracts, 
overnight dialysis reduced the keto acid content of the 
extract. With the exception of figures 1 and 2, all 
enzyme assays are reported in units of umoles of keto 
acid produced by 0.3 ml of 1:5 (w/v) extract of 
plant tissue. Therefore figures in table I through 
VI are in units of umoles of keto acid formed per 
0.06 g of wet weight plant tissue. Lower volumes 
of high activity and higher volumes of low activity 
(fruits, roots, etc) were used and corrected to these 
constant units. 

The validity of the above assay depends on the 
stability of the product of the reaction. After in- 
cubating 1.0 umole of synthetic a@-ketoisovalerate with 
extracts of spinach leaves, pea leaves, or turnip 
leaves and the same amounts of buffer and magnesi- 
um ion for 3 hours, 96 to 100% of the keto acid 
was recovered. Hence the product is not diminished 
by detectable enzymes for transamination, decarboxy- 
lation, reduction, or hydration or by non-enzymatic 
decarboxylation under the assay conditions. 

The synthesis and proof of purity of the substrate, 
DL-a, B-dihydroxyisovalerate, has been indicated ear- 
lier (16,22). As the identification of the product of 
the reaction catalyzed by yeast dehydrase has been 
described in detail elsewhere (17), the nature of the 
product was checked only spectrophotometrically in 
the present study. The ratio of the optical density at 
510 mez to that at 425 mz for both the enzymatic re- 
action product and synthetic q@-ketoisovalerate was 











extract on keto acid production. Complete ” mee e 
assay conditions and preparations of extracts 
are described in the text. Keto acid formation ? - Pa 
in 30 minutes by a 1:5 (w/v) phosphate buffer & UP 
extract of Chlorella pyrenoidosa is indicated by a? . * 
7 @ and al:5 (w/v) tris hydroxymethyl s | 
aminomethane buffer extract of spinach leaf is 3 64 6; 
indicated by O—O. 3 | ; a. 

Fic. 2 (right). Effect of length of time of < 4+ =. a at 
incubation on keto acid production. Conditions v | va le Pe “ 
are the same as the legend for figure 1, except $24 Mit” 2 eae pe 
the duration of experiment. For each tube for & 2 oo —* 
the stated time, 0.10 ml of Chlorella pyrenoidosa ar) r : : , 7 . 

o| O02 O03 Of O58 0 1 


extract 


extract (@—@) or 
(O—O) was used. 


spinach 


VOLUME OF EXTRACT (ML) 
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the same for the experiments with Chlorella, spinach, 
and a variety of other leaves studied. 

The concentration of protein was determined by 
the method of Lowry et al. (10). 


RESULTS 


ENzyMATIC NATURE OF Keto Acip PRODUCTION: 
Several experiments were undertaken to demonstrate 
that the conversion of a, B-dihydroxyisovaleric acid 
to a-ketoisovaleric acid is catalyzed by an enzyme. 
Omission of either plant extract or substrate from 
the complete assay system gave negligible keto acid 
production. Heating the plant extracts (Chlorella, 
spinach, pea leaves, radish cotyledon, turnip leaves) 
for 5 minutes at 80 C prior to the assay caused marked 
loss in keto acid formation. As demonstrated in 
figure 1, the yield of product is directly proportional 
to the volume of enzymic extract from either Chlorella 


TABLE [| 


Errect or CENTRIFUGAL SPEED IN PREPARATION OF PLANT 
Extracts oN Keto Acip PropucTION* 











STRAINED SUPER- SUPER- 
TISSUE SOURCE HOMO- NATANT OF NATANT OF 
GENATE 10,000 x g 70,000 x g 
Pea leaves 
(11 day) 0.23 0.21 0.17 
Radish seedling 
(7 day) 0.10 0.11 0.09 
Carrot leaves 0.10 0.09 0.09 
Spinach leaves 0.13 0.12 0.15 





* Figures in this and subsequent tables are expressed 
in units of wmoles of keto acid formed per 0.3 ml of a 
1:5 (w/v) plant extract. 


pyrenoidosa or spinach leaf. Furthermore when the 
length of time of the reaction is the only variable, (as 
in fig 2), a straight line relationship in keto acid for- 
mation is found for the early time periods. As sub- 
strate concentration diminished during the last half 
of the 4-hours, the rate of the reaction decreased and 
shifted from zero to first order kinetics. 


EFFECT OF CENTRIFUGAL SPEED IN PREPARATION 
oF PLANT Extracts oN Keto AciD PRODUCTION: 
Crude strained extracts from four different sources 
(table 1) were centrifuged at 10,000 x g for 20 
minutes at 3 C to remove mitochondria-like particles 
and 70,000 x g for 30 minutes to sediment microsome- 
like particles. The strained homogenates and two 
supernatant solutions were assayed for dehydrase ac- 
tivity. The high activity in the supernatant solution 
after 70,000 x g indicated that most of the dehydrase 
was in the soluble state. 

Confirmation was found in the next experiment, 
(table Il). Fresh spinach leaf was ground by two 
different means, and the homogenate was strained 
through cheese cloth. Centrifuging at 500 x g for 


TABLE II 


EFFECT OF CENTRIFUGAL SPEED IN PREPARATION 0! 
SprnacH Lear Extracts oN Keto Acip PRODUCTIO» 





wmoles KETO ACID FORMED/ 
0.3 ml HOMOGENATE (0! 





TREATMENT OF 





HOMOGENATE EQUIVALENT) 
A* Be 
Strained homogenate 0.41 0.33 
Sediment from 500 x g 0.02 0.01 
Sediment from 10,000 «x g 0.02 0.00 
Sediment from 70,000 x g 0.01 0.00 
Supernatant from 70,000 « g 0.35 0.29 





* The homogenate in column A was prepared by grind- 
ing fresh spinach leaves with washed sand and four 
volumes of cold 0.40 mM sucrose in 0.1 M phosphate buffer, 
pH 7.4, in a mortar at 3C and strained through cheese 
cloth. The extract of column B was prepared by homo- 
genizing a different batch of leaves in a Waring blendor 
for 1 minute with four volumes of cold 0.10 M tris buffer, 
pH 7.4, and strained. 


10 minutes sedimented the crude nuclei fraction. 
Further centrifuging at the above stated centrifugal 
forces gave the smaller particulate fractions. Each 
of the three fractions was resuspended in the same 
buffer with a teflon homogenizing pestle, resedimented 
at the same force, and resuspended in a reduced vol- 
ume of buffer. The wash supernatant was combined 
with the similar initial supernatant for the next cen- 
trifuging step. Direct assay of the three particulate 
fractions at eight times the normal tissue concentra- 
tion gave low activities; correction for this concentra- 
tion led to the essentially zero activities in table IT. 
Of the activity in the strained homogenate, 86 to 
88 % was recovered in the supernatant fluid from 
70,000 x g centrifugation. 


EFFECT OF GAS PHASE ON KETO AcID PRODUCTION 
BY PLANT Extracts: In the next table, ITI, is pre- 
sented a clue to the mechanism of keto acid produc- 
tion. When each of the four extracts was incubated 
in oxygen, air, or nitrogen in a Dubnoff water bath 
shaker, the keto acid production proceeded at about 
the same rate. The equivalent activity in nitrogen 
excludes the possible oxidation of a hydroxyl group 
to form an a-keto-8-hydroxy acid, which would com- 
bine with dinitrophenylhydrazine in the keto acid de- 
termination. These results are consistent with an 
enzymatic removal of a molecule of water from the 
substrate to produce the keto acid. 


TABLE III 


Errect oF GAs PHASE ON Keto Acip PropuctTiIon 
BY PLANT EXTRACTS 








TISSUE SOURCE 0. AIR N, 
Chlorella pyrenoidosa 0.11 013 O12 
Pea leaves (11 day) 0.21 0.22 0.19 
Carrot leaves 0.08 0.09 0.05 
Spinach leaves 0.17 0.19 0.17 
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TABLE IV 


CoMPARISON OF DEHYDRASE ACTIVITY IN ETIOLATED 
& ILLUMINATED SEEDLINGS 











DEHYDRASE ACTIVITY 











TISSUE AGE, es 

SOURCE DAYS Darx LicuT 
Radish 5 0.21 0.38 
Carrot 14 0.04 0.24 
Cucumber 10 0.14 0.21 
Corn* 8 0.10 0.17 
Pea* 10 0.09 0.15 
7 0.02 0.07 


Wheat* 





Description of the conditions for germination and 
dehydrase assay are found in the text. Whole seedlings 
or decotylized seedlings (marked *) were used to prepare 
cell-free extracts. 


CoMPARISON OF DEHYDRASE ACTIVITY IN ETIO- 
LATED & ILLUMINATED SEEDLINGS: A_ variety of 
plant seedlings was germinated, as described earlier, 
with one batch in the darkness and the other exposed 
to light to determine the best conditions for dehydrase 
production. As designated in table IV, either the 
whole embryonic plant or the decotylized seedling 
was used for to prepare the extract; the dehydrase 
assay was carried out in the usual manner. The il- 
luminated green seedlings had greater activity than 
the etiolated yellowish seedlings. 


DISTRIBUTION OF DEHYDRASE AcTiIvITy WITHIN 
PLants: As the whole seedling was used in the 
previous experiment, it was desirable to determine 
whether or not the dehydrase activity was localized 
within the embryonic plant. In table V, the il- 
luminated seedlings were divided, whenever possible, 
into the root, cotyledon or endosperm, and primary 
leaf. The aerial chlorophyllous organs were found 
to have the highest activity. While a similar pattern 
of distribution of activity was observed in corn, bean, 
and soybean seedlings, the results were less accurate 
in view of high enzyme blanks, indicating a marked 
accumulation of keto acid(s) in these tissues. The 
cotyledons of 9 day old germinating castor beans had 
an activity of 0.09. The stem of pea, bean, and soy- 
bean seedlings had negligible activity. Thus these 
13 developing seedlings had the lowest activity in the 
roots, intermediate activity in the cotyledons, and 
highest activity in the young leaves. 

Certain other observations are related to table V. 
In view of the intermediate activity of the cotyledons 
of the legumes, the dry seeds of soybean, peanut, and 
pea were extracted with sucrose-phosphate buffer in 

Waring blendor and the homogenate was centri- 
fuged. While activity (0.02, 0.10, & 0.21 dehydrase 
units, respectively) was found, the specific activity 
on a protein basis was very low. Extraction of 
wheat germ and acetone powder of wheat germ under 
several extraction conditions gave significant assays 
for dehydrase activity. 
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Table VI contains four comparisons of activity of 
leaves with fruits, six of leaves and roots, and one of 
leaves and stem. In addition, commercially available 
fruits (apple, pear, grapefruit, lemon, & avocado) and 
Irish potato (stem) had insignificant amounts of the 
enzyme (0.00-0.02). Thus the leaves have a higher 
concentration of dehydrase than the fruits, roots, or 
stem: organs of adult plants. 

As plants from commercial sources may have low 
activity due to loss of tissue viability on storage, the 
source of each is indicated in table VI. The other 
comparisons of leaves, fruits, and roots were made 
with tissues kept under refrigeration during the maxi- 
mum time of 1 hour for transit from garden to the 
laboratory for prompt homogenization and assay. As 
all of the above activities are expressed on the basis 


TABLE V 


DISTRIBUTION OF DEHYDRASE ACTIVITY 
IN PLANT SEEDLINGS 














Ace DEHYDRASE ACTIVITY 
TISSUE SOURCE ee —e 5. rapa! 
DAYS Root CoTyLEDON LEAF 

Cucumber 10 0.10 0.44* 

Cotton 9 0.08 0.35 

Carrot 13 0.11 0.25 

Radish 6 0.05 0.16 

Sunflower 7 0.01 0.06 

Tomato 7 0.05 ie 0.13 
Corn 8 0.07* 0.01*+ 0.15* 
Wheat 5 0.03 ay. 0.14* 
Barley 8 0.00 i 0.08 
Peanut 11 0.10 0.22 0.23 
Pea 5 0.05 0.06 0.23 
Pea 8 0.12 0.07 0.17 
Pea 12 0.03 0.02 0.15 
Bean 6 0.07 0.13* aha 
Bean 12 0.07* 0.00* 0.15* 

Soybean 7 0.02* 0.07* 0.22* 
Soybean 11 0.00 0.08 0.07* 


* Prior to calculation of dehydrase activity, these tissue 
extracts had a high keto acid concentration. 
+ Endosperm. 


of enzyme activity per gram wet weight of tissue, 
estimates of the published water content of plant 
tissues were used to provide comparisons of enzyme 
concentration on a dry weight basis. However, the 
leaves still had a higher specific activity than the 
corresponding fruit or roots. 


DISTRIBUTION OF DEHYDRASE AcTIvITY WITHIN 
PLANT KinGpom: In addition to the above emphasis, 
table V and VI demonstrate the widespread distribu- 
tion of dehydrase activity. With respect to adult 
plants (table VI) the dehydrase was detected in the 
leaves of essentially all species tested. The highest 
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enzyme concentration was found in the leaves of » DISCUSSION por 
spinach, cucumber, carrot, and pea; the specific ac- The known pathway for the biosynthesis of valine . 
tivities were 0.304, 0.149, 0.125, and 0.062 dehydrase in three microorganisms is: decarboxylation of py- = 
units per milligram protein, respectively. Studies on ruvate to an acetalaldehyde-like intermediate which rl 
the enzymatic characteristics of the spinach dehydrase condenses with another molecule of pyruvate to yield “a 
will be presented elsewhere. After eliminating the a-acetolactic acid, migration of the a-methyl carbon, : 
duplication in tables V and VI, the dehydrase was and reduction to form a, B-dihydroxyisovaleric acid, Aa 
found to be present in 29 different genera distributed dehydration to yield @-ketoisovaleric acid and finally dist 
among 14 families of the angiosperm class. transamination to form valine. This pathway is sup- Ho: 
seq! 
TABLE VI 
DISTRIBUTION OF DEHYDRASE AcTiIvity IN ADULT PLANT TISSUES = 
DEHYDRASE ACTIVITY ~" 
FAMILY, GENUS, & SPECIES CoMMON NAME SOURCE . hyd 
LEAVES OTHER ORGANS top 
CHENOPODIACEAE a 
Spinacea oleracea L. Spinach D 0.65 ae pos 
Beta vulgaris L. Beet D 0.08 0.04** the 
CUCURBITACEAE nec 
Cucumis sativus L. Cucumber B 0.58 0.00* pat 
UMBELLIFERAE a 
Daucus carota L. Carrot B 0.40 0.01** 
Petroselinum crispum (Mill.) Mansf. Parsley B 0.08 hy] 
LEGUMINOSAE in 
Pisum sativum L. Pea A 0.16 ide 
Phaseolus vulgaris L. Bean A 0.09 anc 
Glycine max L. Soybean A 0.08 tro 
Arachis hypogea L. Peanut A 0.07 of 
LILIACEAE (2) 
Allium cepa L. Onion B 0.21 0.02** of 
Allium cepa L. Onion B 0.00*** tan 
COMPOSITAE ’ an 
Helianthus annuus L. Sunflower B 0.15 via 
Lactuca sativa L. Lettuce D 0.05 do 
CRUCIFERAE tio 
Brassica rapa L. Turnip D 0.14 0.01** sy 
Raphanus sativus L. Radish D 0.12 0.03** tra 
Brassica juncea Coss. Mustard greens D 0.12 
Brassica oleracea L. Cabbage D 0.10 ger 
SOLANACEAE ee 
Nicotiana tabacum L. Tobacco c 0.14 ee int 
Lycopersicum esculentum Mill. Tomato B 0.10 0.03* no 
Solanum melongena L. Egg plant 3 0.06 0.02* is 
LABIATAE 1 tin 
Coleus blumei L. Coleus c 0.10 ‘ on 
Menthea spicata L. Mint B 0.05 { an 
RUTACEAE i al 
Citrus sinesis L. Orange c,.D 0.10 0.00* j mi 
GRAMINAE | - 
Zea mays L. Corn A 0.06 i - 
EUPHORBIACEAE j c 
Ricinus communis L. Castor bean A 0.05 ; “ 
CONVOLVULACEAE 5 ne 
Ipomoea batatas Lan. Sweet potato A,D 0.12 0.04** i th 
Ipomoea purpurea L. Morning glory B 0.05 i a 
Preparation of extracts and enzyme assays is described in the text. Enzyme activity is expressed in units of ' in 
zmoles of keto acid produced per 0.06 g plant tissue. The source of the plants is indicated by A for 3 to 6 week old : av 
plants grown in soil-vermiculite in the laboratory, B for plants obtained fresh from the garden, or C from the green- i 
house, and D for those purchased from commercial sources. Other organs tested include fruit (*), root (**) and pa 


stem tissue (***), 
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ported by published evidence from mutant and en- 
zymatic studies in Neurospora crassa and Escherichia 
coli (12, 14, 16,19, 20, & earlier papers), radioiso- 
tope investigations in Torulopsis utilis (18), and en- 
zynitic experiments in Saccharomyces cerevisiae 
(17,18, 22). As transaminases are ubiquitious in 
biological systems (24) and participate in amino acid 
catabolism, the presence of transaminases would not 
distinguish a biosynthetic pathway in plant tissues. 
However, the next earlier enzymatic step in the above 
sequence, the dihydroxy acid dehydrase, is unique to 
the scheme for valine biogenesis. With respect to 
substrate specificity, the spinach dehydrase is identical 
to the yeast dehydrase (22, Wixom & Blankenship, 
unpublished data). As the role of the yeast de- 
hydrase in valine formation is supported by radioiso- 
tope evidence of Strassman et al. (18), the similarity 
of the two dehydrases leads by extrapolation to a 
possible role of spinach dehydrase in valine biosyn- 
thesis. Thus the presence of this enzyme provides 
necessary, but not sufficient, evidence to establish the 
pathway of valine biosynthesis in plants, particularly 
in the early steps of the sequence. 

A number of clues are consistent with the above 
hypothesis. Pyruvate has a widespread distribution 
in plant tissues (6). a@-Ketoisovaleric acid has been 
identified in the tulip, the sap of the wild cherry tree, 
and may be one of the unidentified, fast-moving dini- 
trophenylhydrazones found in paper chromatograms 
of wheat seedlings (6). Wilson, King, and Burris 
(21) have demonstrated the widespread distribution 
of various transaminases in plant seedlings. A glu- 
tamic acid-valine transaminase was observed in barley 
and lupine seedlings. While the entry of nitrogen 
via hydroxylamine is under scrutiny, such evidence 
does not exclude the ammonia pathway of assimila- 
tion (24). Hence the last two steps for valine bio- 
synthesis in plants are probably dehydration and 
transamination. 

Evidence to date for the early steps in valine bio- 
genesis in higher plants is inconclusive. Radioactive 
carbon dioxide has been shown to be incorporated 
into valine in algae and plants, but such evidence does 
not clarify the pathway. Carbon-14 labeled acetate 
is incorporated readily into valine in guayule seed- 
lings (1) and slowly in red kidney bean leaves and 
roots (15). The incorporation of pyruvate-2-C14 
and -3-C'4 at about twice the extent of pyruvate-1-C'* 
into the valine of wheat plants is consistent with the 
microbial pathway (11). With the emphasis on other 
metabolic aspects, the labeled valine samples in these 
several papers were not degraded to determine the 
C™ distribution. Such an approach by Strassman 
et al. (18) with Torulopsis utilis led to decisive re- 
sults with respect to possible pathways. To conclude, 
the above cited data and the experiments herein are 
in agreement with the pathway of valine biosynthesis 
in microorganisms. However, final acceptance must 
await critical experiments to detect whether other 
pathways are operative in plants. 

If the dehydrase catalyzes one of the steps of syn- 
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thesis of the carbon skeleton of valine, then the site 
of valine manufacture is primarily in the leaves of 
both seedlings and adult plants. Dehydrase activity 
is quite low in endosperm, roots, stems, and fruits. 
In this connection, Leonard and Burris (9) found 
that on a weight basis glutamic-aspartic acid trans- 
aminase had greater activity in the leaves than in 
the stem or root tissue of a variety of 2-week old 
seedlings. Though squash had transaminase activity, 
other fruits (tomato & apple) were very low in 
activity. While glutamic-aspartic acid transaminase 
activity may or may not be the same as glutamic acid- 
valine transaminase activity, the latter was specifically 
demonstrated in barley and lupine seedlings (21). 
Thus the distribution of the transaminases in plants 
is generally similar to the localization of the synthesis 
of the carbon skeleton of valine. 

Other enzymes in nitrogen metabolism are also 
localized in plant tissues. Tryptophan synthetase, 
which catalyzes a step in trytophan manufacture, is 
concentrated in the leaves of the pea seedling (5). 
As evidenced by the incorporation of C'*O, in the 
excised soybean leaf, the leaf can synthesize the aro- 
matic ring of phenylalanine (13). Aside from the 
root nodules of legumes, nitrate reductase has a 
greater concentration in the leaves of barley, soy- 
bean, and potato than the roots, whereas the reverse 
relationship occurs in muskmelon (2). For wheat, 
corn, and tomato, only the activity in roots was re- 
ported. Thus where the site of manufacture of the 
carbon skeleton and transamination differs from ni- 
trate reduction, there must be translocation by some 
amino carrier, such as glutamine or asparagine, to 
complete the amino acid synthesis. When these three 
reactions occur mainly in the leaves, the valine must 
undergo translocation for growth of other plant or- 
gans, whether roots, fruits, or stems. Thus the lo- 
calization of high molecular weight enzymes is con- 
sistent with the long known phenomena of transloca- 
tion of plant solutes. 

The development of dehydrase activity was also 
found to be related to the early growth of seedlings. 
In this respect Folkes and Willis (3) have shown 
that during the first 8 days of germination of barley 
seeds, there is an early breakdown of endosperm pro- 
tein; build up and transfer of glutamine, asparagine, 
and other individual amino acids, and rapid synthesis 
of embryo protein. A similar nitrogen mobilization 
away from the cotyledon has been observed in other 
plant seedlings (8 & earlier papers cited therein). 
During or after the movement of valine from the re- 
serve protein of the seed to these embryonic plants, 
there must be a start in the synthesis of the carbon 
skeleton of valine for the continued growth of the 
plant. Hence along with certain amino acid inter- 
conversions (24), the dehydrase is found in young 
seedlings. A relationship, perhaps indirect, of de- 
hydrase activity to the presence of light during early 
growth was observed in table 1V. In metabolic terms 


the elongated growth of etiolated seedlings is char- 
acterized by carbohydrate deprivation and lack of 
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chlorophyll. The leaves with the enzymatic apparatus 
for photosynthesis, carbohydrate formation, and res- 
piration are a site of manufacture of pyruvate, which 
might serve as the starting material for the carbons 
of valine. As the intricate interrelationships of 
photosynthesis, carbohydrate formation, respiration, 
and protein synthesis have been observed before (24), 
the intent here is to record the additional process of 
amino acid formation in the complexity of plant 
growth. 


SUMMARY 


An enzyme that catalyzes the dehydration of a,B- 
dihydroxyisovaleric acid to a keto acid, presumably 
a-ketoisovaleric acid, has been found in Chlorella 
pyrenoidosa and higher plants. The action of the 
enzyme is independent of the composition of the gas 
phase (N., air or O.), demonstrating the catalyzed 
reaction to be a splitting out of a molecule of water. 
The dehydrase is soluble after centrifuging at 70,000 
x g, and has a widespread distribution in higher 
plants. For both seedlings and adult plants, the en- 
zyme is found primarily in the leaves. A_ possible 
function of this dihydroxy acid dehydrase in valine 
biosynthesis is described. 
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\n effect of auxins on the properties of plant cell 
walls has been proposed as a mechanism for auxin- 
induced extension growth (17,5,30). Implicit in 
this point of view would be the localization of enzymes 
within the walls capable of synthesizing cell wall con- 
stituents or metabolically altering them. Some 
enzymatic activities of a cell wall preparation are re- 
ported in the communication. 

Numerous cytological studies indicate that syn- 
thesis of cell wall components may occur exterior to 
the cell membrane. A few examples of apparent 
extraplasmatic cell wall growth are: 


I. Glandular hairs of Labiatae (Mentha, Salvia, 
Thymus, etc.) may have an eightfold increase in size 
without a decrease of cuticular thickness, although 
this layer is separated from the cytoplasmic membrane 
and primary cell wall by a noncytoplasmic emulsion 
(34, 36). 


II. In Isoetes and Selaginella, the cellulosic 
intine, and cuticular exine of the macrospore increase 
in surface and thickness without being in direct con- 
tact with cytoplasm or a cytoplasmic membrane (11). 
Similar observations have been made by other in- 
vestigators on Marsilia, liverworts, and even on the 
pollen grains of higher plants (21). 


III. The cellulosic sorophore sheath of Dictyos- 
telium discoideum is formed extracellularly (29, 13). 


IV. Cellulose synthesis in Acetobacter xylinum 
takes place in the external medium at a distance from 
the cytoplasmic membrane (25, 15,7). 


V. Dippel (9) demonstrated that the primary 
and tertiary cell walls appeared physically and chem- 
ically identical. The pit cavities and the inner sur- 
face of the cell are coated by a tertiary cell wall 
layer. This was considered by Dippel and later by 
others (3) as suggesting that the secondary cell wall 
was synthesized extraplasmatically. 


VI. Uniform incorporation of C'-sucrose into 
cellulosic and noncellulosic material throughout the 
thickness of the elongating outer walls of epidermal 


' Received revised manuscript May 5, 1961. 

2 Journal Article 2701 from the Michigan Agricultural 
Experiment Station. 

3 We gratefully acknowledge support from the Na- 
tional Science Foundation. 
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cells of Avena coleoptiles (33) demonstrates that wall 
synthesis is not confined to the zone proximal to the 
protoplast. 


In addition to the cytological data suggesting 
extraplasmatic cell wall growth there are numerous 
reports of enzymatic activities associated with cell 
wall fractions from higher plants, as for example, acid 
phosphatase (22), invertase (4), ascorbic acid oxi- 
dase (35,27,6) and pectin methyl esterase (2, 14). 
Some enzymes of bacteria, fungi, protozoa, and ery- 
throcytes, such as invertase, lactase, trehalase, phos- 
phatase, including adenosine triphosphatase (ATP- 
ase’), choline esterase, proteolytic enzymes, dehy- 
drogenases, diphosphopyridine nucleotidase, ascorbic 
acid oxidase, and pectin methyl esterase are associ- 
ated with the external cell surface (37, 24, 31,12). 

Experiments suggesting that enzymes are located 
in cell walls are difficult to evaluate owing to the 
possibility of enzyme adsorption or adhesion of cyto- 
plasmic constituents to the walls. Nonetheless the 
cytological studies discussed above, the in vitro 
enzymatic studies previously reported, as well as these 
presented here, and growth experiments indicating 
changes in the physical state of the walls as a con- 
comitant of growth are, taken together, very convinc- 
ing. We have adopted, as a working hypothesis, the 
premise that enzymes synthesizing cell wall con- 
stituents are, in fact, located in the cell walls. A 
previous publication from this laboratory reported a 
method for preparing cell walls free of visible con- 
tamination by other cell constituents (20). 


MATERIALS & METHODS 


All preparative procedures of fractions to be as- 
sayed for enzyme activity were conducted at 1C. 
Corn coleoptile cell walls were prepared as previously 
described (20) using 80% glycerol as the homogen- 
izing medium and glycerol as the washing medium. 


4 Abbreviations to be used include: ATP-ase for 
adenosine triphosphatase, ATP for adenosinetriphosphate, 
ADP for adenosinediphosphate, AMP for adenosine- 
monophosphate, UTP for uridinetriphosphate, UDP for 
uridinediphosphate, UMP for uridinemonophosphate, 
UDPG for uridinediphosphoglucose, G-1-P for glucose- 
1-phosphate, PP for pyrophosphate, Pi for inorganic 
phosphate, tris for tris (hydroxymethyl) aminomethane, 
and EDTA for ethylenediamine tetraacetate. 
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An essentially non-aqueous medium was chosen to 
minimize elution of protein from the wall fragments. 
Such preparations contain an average 0.6 % nitrogen 
as determined by micro-Kjeldahl (23). 

Coleoptile homogenates were prepared by grinding 
the tissue with an equal weight of 0.01 mM potassium 
phosphate, pH 7.5, or 0.01 m tris-0.001 m EDTA, pH 
7.5, for 1 minute in a high speed homogenizer (Omni- 
mixer). For soluble protein and particulate enzyme 
preparations, 25 g of tissue were ground in a mortar 
and pestle with an equal weight of buffer (as above), 
filtered through gauze and centrifuged at 500 x g for 
5 minutes. The plastid fraction was collected by cen- 
trifuging for 15 minutes at 1,000 x g. Recentrifu- 
gation of the supernatant fluid for 30 minutes at 25,- 
000 Xx g yielded the mitochondrial fraction. Plastid 
and mitochondrial fractions were then suspended in 
a small volume of 0.1 mM tris, pH 7.5, and dialyzed 
against 1 to 2 liters of 0.2% KCI for 20 hours. 

Soluble protein in the supernatant fluid, after re- 
moving plastids and mitochondria, was precipitated 
by adding solid ammonium sulfate to the desired con- 
centration ; the precipitated protein then was collected 
by centrifuging at 11,000 x g for 15 minutes. The 
pellet, so obtained, was dissolved in a small volume 
of 0.1 mM tris, pH 7.5, and dialyzed against 0.2 % KCI. 
This procedure is essentially that used by Neufeld et 
al. (26) for preparing UDPG pyrophosphorylase. 

AMP, ATP, tris, and a@-glycerophosphate, were 
from the Sigma Chemical Co.; ADP, UMP, and 
UTP, from the Pabst Laboratories, and EDTA from 
the Dow Chemical Co. Glucose oxidase (Glucostat) 
was purchased from Worthington Biochemical Corp., 
Freehold, N. J. P*?-labeled inorganic phosphate, 
obtained from the Oak Ridge National Laboratories, 
was used to prepare P**-labeled inorganic pyrophos- 
phate (1). The P**-PP when freshly prepared had 
a specific activity of 1 uc/umole (1 ue of P**-PP 
equalled 150,000 c/min). P*?-PP incorporated into 
nucleotide was determined by charcoal absorption (8) 
or by elution of nucleotide after electrophoretic mi- 
gration in 0.1 M acetate buffer, pH 5 at 1C. Inor- 
ganic phosphate was determined colorimetrically (10) 
and glucose by use of glucose oxidase (32). Incuba- 
tion of enzyme reaction mixture was at 37 C. 


RESULTS 


Cell wall preparations were tested for the ability 
to hydrolyze inorganic pyrophosphate, a@-glycerophos- 
phate, and ATP. Pyrophosphatase activity has not 
previously been reported to be associated with cell 
walls but its presence might be expected in a tissue 
synthesizing UDP-sugars. Hydrolysis of a-glycero- 
phosphate serves as an indication of nonspecific phos- 
phatase activity while ATP-ase has previously been 
reported to be associated with erythrocyte membranes 
(28) and yeast cell walls (31). The reaction mix- 
ture contained: 7.5 mg cell wall (45 ug N); tris, pH 
7.5, 15 umoles; MgCl., 5 umoles, and 2 umoles of 
either pyrophosphate or a-glycerophosphate, or 5 


umoles of ATP. The reaction rates observed at 37 C 


were 6, 1, and 22 ug Pi liberated/minute/mg }o0- 
tein~! for pyrophosphate, a-glycerophosphate, nd 


ATP, respectively. The PP-ase activity is only 1 50 
the specific activity of crude yeast extract (16) ut 
the ATP-ase activity is 4% that reported for mus«les 
(19) and 25 times the activity reported for eryti:ro- 
cyte ghosts (28). 

We compared the ATP-ase activity of the cell 
walls and the plastid and mitochondrial fractions, 
The activities of these fractions were, respectivcly, 
10, 4, and 3 wg Pi liberated/minute/mg protein~ 

A portion of the cell wall ATP-ase activity is 
latent (illustrated by data of fig 1). For this experi- 
ment we suspended glycerol prepared cell walls in 
0.01 m tris-0.001 m EDTA and removed an aliquot 
for ATP-ase assay. The activity observed is labeled 
in the figure as CW-O. We then sedimented the cell 
walls by centrifuging and decanted the supernatant 
fluid. This procedure was repeated twice and the 
three supernatant fluids combined. After 24 hours 
at 1 C, we resuspended the walls in buffer, and tested 
aliquots of the wall suspension and of the combined 
supernatant fluids for ATP-ase activity. The ac- 
tivity of the walls (CW-I) was only slightly reduced 
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7C by the three washes, but the combined supernatant TABLE IT 
a fluids (W-I) now showed an activity approximately INCORPORATION oF P22-PP Into UTP* 
nd equal to that found in freshly suspended cell walls. 
50 There is thus two times as much ATP-ase activity wR RADIOACTIVITY IN 
. 4 ae my ENZYME REACTION TIME 
but after 24 hours storage at 1C as observed in freshiy PREPARATION** (min) 
iat ratte * ee ’ > ite at (cpm/mg N) 
iscles prepared walls. This procedure was then repeated on eee ' — 5 ee 
thro two succeeding days with results as illustrated in the Coleoptile homogenate 0.5 270 
figure. The increase in ATP-ase activity observed 5 1,050 
ell during the first 48 hours is about 2.5-fold. A similar 20 2,400 
» hhenomenon has been observed for muscle ATP-ase 
Hons, ; 10) Particulate matter 0.5 120 
ively a 5 470 
- UripINE DipHospHoGLUCOSE PyROPHOSPHORYL- 20 1,000 
t\ 1s P kT . - . . . 
. ase. The importance of uridine diphosphoglucose . ‘ - 
peri- DP) - : ' ve 7 : I : 8 é Soluble protein 0.5 300 
(UDPG) and related uridyl sugars in the biosynthesis < 4.500 
Is in oi polymeric carbohydrates made a test for the pres- 20 6.600 
a ence of UDPG pyrophosphorylase desirable. This . : 
~~ enzyme catalyzes the reaction: Cell wall 0.5 2,300 
7 UTP + G-l-P == UDPG + PP. 5 6,000 
atant Be é - 20 17.000 
thes Since cell wall preparations destroyed UDPG (by ee ee ee: ee 
senile glucosyl transfer or by simple hydrolysis ) and also * Each tube contained in mmoles: tris 15, ph 7.5; 
ested hydrolyzed UTP, it was convenient to assay this re- UTP 2, pH 7.5; G-1-P 10: P*?-PP 2; MgCl, 5. 
ined action by measuring the G-I-P or UDPG dependent ** Enzymes were prepared in 0.01 tris-0.001 mM 
as incorporation of P*?-labeled PP into UTP. For both EDTA, pH 7.5. The total N in the fractions as isolated 
neil soluble protein and cell wall preparations a G-I-P de- _ from 25 g of tissue was 70, 3, 6, and 1 mg, respectively, 


pendent exchange reaction can be observed (table I). for the homogenate, particulate matter, soluble protein, 


i ¢ : : -e alls. S , a1 vas ipitated from 
In these experiments, the amount of label in nucleo- and cell walls. Soluble protein was precipitate , 
solution at 85 % saturation with ammonium sulfate fol- 



































tide was determined by s i 2 ‘ : : . 
5 ed by adsorption cued charcoal, lowing removal of cell walls and particulate matter. 
washing to remove unreacted P*?-PP, and measuring 
the radioactivity of the charcoal (8). Elution of the 
charcoal with ethanol-NH., followed by elec = ‘ . . ae ae 
ae a . wed by electrophore same order of magnitude, and, that little activity 1s 
sis of the eluates, showed UTP to be the only labeled : . . ae 
4: . found in the particulate fraction. 
S substance present. Additional experiments demon- 
strated the formation of labeled UTP in incubation INveRTASE Activity. A reaction mixture con- 
a mixtures containing UDPG, P®2-PP and unlabeled taining 2 umoles C!4-sucrose, 15 umoles of tris, pH 
' UTP. 7.5, 5 umoles of MgCl., and 0.3 mg cell wall protein 
Data from an experiment to determine the distri- or 1.85 mg soluble protein was incubated at 3/7 C for 
bution of UDPG pyrophosphorylase in the cellular 2 hours, the reaction terminated by boiling for 2 min- 
iractions are shown in table II. Note that the pres- utes, and the residue sedimented by centrifuging. 
ence of enzymes hydrolyzing UTP, UDPG, and PP Aliquots of 0.2 ml of the supernatant fluid were re- 
would all reduce the observed reaction rates so that moved for glucose determination by the glucose oxi- 
the reported results are not strictly quantitative. dase method (32). The activities of the cell wall and 
* Nonetheless, since to some extent the same factors soluble protein fractions were, respectively, 8.9 and 
would probably affect all the preparations tested, one 0.87 wg sucrose hydrolyzed/minute/mg protein~'. 
may conclude that the amount of UDPG pyrophos- Chromatography of aliquots of the reaction mixtures 
phorylase in cell wall and in soluble protein is of the indicated glucose and fructose to be the only products. 
TABLE [ 
= ff UDPG PyropHospHoryLaAse Activity AssociaTep WitH Ceti, Watts & SoLuBLE PROTEIN 
INCORPORATION OF P22-PP Into UTP (mumoles PP/mg ENZYME PROT.) 
REACTION TIME Pret ee — ee ee 
° oT RE IWS = = 
(min) _Coprere* —- es tte i 
CELL WALL SOLUBLE PROTEIN CELL WALL SOLUBLE PROTEIN 
0 1.36 0.11 0.67 0.10 
5 12.10 1.74 1.10 0.12 
20 31.40 4.00 1.88 0.16 
wity * Each tube contained in wmoles: UTP 2; G-1-P, when indicated, 10; P®2-PP 2; tris 15, pH 7.5; MgCl, 5, 





and 0.3 mg cell wall protein or 7.5 mg soluble protein. Incubation at 37 C in a volume of 1 ml. 
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TABLE III 


UDPG PyropHospHoryLASE AcTIvITy ASSOCIATED WITH 
Corn CoLeopTitE CELL WALL FRAGMENTS 








PP INcoRPORATED INTO UPP* (%) 








—— SoLUBLE ‘ 
€ SOLUBLE ' PROTEIN 
(min) PROTEIN CELL WALL je ATED CELL 
WALLS 
0.5 0.25 0.15 0.25 
5 6.25 0.65 0.80 
20 3.95 2.20 2.35 





* Each tube contained in wmoles: tris 15, pH 7.5; 
UTP 2, pH 7.5; G-1-P 10; P3?-PP 2; MgCl, 5, and 
0.3 mg cell wall protein or 1.5 mg soluble protein. 


ENZYME ADSORPTION BY CELL WALL FRAGMENTS. 
We conducted several experiments to determine the 
extent to which non-specific enzyme adsorption could 
account for the enzymatic activity associated with the 
cell wall fraction. For the experiment reported in 
table III, cell walls we prepared by the usual method 
and assayed for UDPG pyrophosphorylase activity. 
Then we resuspended an aliquot of the wall prepara- 
tion for 1 hour in 80% glycerol to which soluble 
UDPG pyrophosphorylase in an amount equivalent to 
that present in the original homogenate was added. 
These conditions approximated those obtained during 
the initial homogenization of the coleoptile tissue. 
The cell walls were subsequently reisolated by the 
usual procedure. As can be seen, we observed no 
increase in enzymatic activity of the wall fragments, 
thus demonstrating that additional enzyme was not 
adsorbed by the wall. There remains the possibility 
that further adsorption of enzyme was precluded by 
saturation of the cell wall with enzyme during the 
initial homogenization. 

In an additional experiment, (table IV) we tested 
the ability of washed, oven dried cell wall fragments 
to absorb ATP-ase. The heated wall fraction itself 


TABLE IV 


ATP-AseE Activity In Oven Driep & So_uBLe Protein 
TREATED CELL WALLS AS COMPARED TO THAT OF 
FRESHLY PREPARED & OF OVEN DRIED 
CELL WALL PREPARATIONS 








Pi ForMeEp (ywmoles/REACTION TUBE*) 





REACTION CELL WALL 





TIM JEN 
tala CELL WALL CELL WALL i cua 
FRESH OVEN DRIED — 
PROTEIN 
TREATED 
0 0 0 0 
40 3.76 0 0.30 
100 7.88 0 0.40 





* Each tube contained in wmoles: tris 15, pH 7.5; 
ATP 5, pH 7.5; MgCl, 5, and 7.5 mg of cell wall (dry 
wt) containing 45 wg of N. Cell walls, where indicated, 
were dried at 80 C for 24 hours. 


inactive, was resuspended as above in 80% glycerol 
containing soluble protein of an equivalent amount of 
tissue. After reisolating the walls by the usual pro- 
cedure, only 1/20 of the ATP-ase activity found in 
fresh cell walls was found adsorbed on the heate 
walls. 

Further data bearing on non-specific protein bind- 
ing as affecting the activities found in the wall frac- 
tion were provided by experiments in which the gly- 
cerol extracted walls were repeatedly washed in 
aqueous buffer. As shown by the experiment pre- 
sented in table V, 60 % of the initial activity remains 
after six suspensions and resedimentations from a vol- 
ume of buffer equal to three times the cell wall volume. 


a 


TABLE V 


EFrFrect oF REPEATED WASHINGS OF CELL WALL 
PREPARATIONS ON THEIR ATP-ASE ACTIVITIES 








Pi ForMep (yumoles/REACTION TUBE*) 


REACTION 


: ELL WALL 
TIME CELL WALL Cc 


CELL WALL 








(min) NOT WASHED ONCE WASHED Pesce 
0 0 0 0 
10 0.77 0.67 0.61 
40 2.99 251 2.00 
100 6.23 5.39 3.85 


*Each tube contained in wmoles: tris 15, pH 7.5; 
ATP 5, pH 7.5; MgCl, 5, and 7.5 mg of cell wall (dry 
wt) containing 45 ug of N. Each washing consisted of 
suspending and sedimenting the walls three times in a 
volume of tris-EDTA buffer equal to three times the 
cell wall volume. 


DISCUSSION 


Studies of the enzymatic activities of sub-cellular 
structures become possible after a method for the iso- 
lation of such particles in quantity is available. Satis- 
factory methods for the isolation in quantity of cell 
walls from higher plants have not previously been 
available. Some of the difficulties of preparing cell 
walls are the following. There is, first, the problem 
of breaking cells completely so that no intact cells 
survive; second, owing to the intimate connections 
between the cytoplasmic membrane and cell wall, it 
may be impossible to obtain preparations free of 
cytoplasmic membrane remnants and plasmodesmata; 
third, the isolation of walls free of particulate cyto- 
plasmic inclusions constitutes a serious problem; and 
last, the possibilities of adsorption of cytoplasmic en- 
zymes to the wall and, conversely, elution of enzymes 
from the wall poses difficulties. We have previously 
reported attempts to overcome some of these difficul- 
ties in preparing cell wall fragments from corn coleop- 
tile tissue (20). Breakage of cells was attained by 


high speed homogenization with glass beads in a 
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-lycerol medium; isolation of cell wall fragments was 
achieved by filtration through a continually renew- 
able filter. The plasmolysis which would occur in 
elycerol should minimize cytoplasmic membrane con- 
tamination, and extensive washing with glycerol 
would be expected to remove cytoplasmic proteins. 
The possibility of contamination by these fractions, 
and especially by the plasmodesmata is, however, dif- 
ficult to exclude. 

Cell wall preparations from 5 day old corn coleop- 
tile tissue showed an appreciable enzymatic activity 
compared on a nitrogen basis with the soluble pro- 
tein and particulate fractions from the same tissue. 
The specific activities of the cell wall UDPG pyro- 
phosphorylase, ATP-ase and invertase were respec- 
tively 10, 1 to 2, and 10 times the specific activities of 
the soluble protein. 

The hgher specific activities of cell wall enzymes 
as compared to cytoplasmic protein would appear to 
rule out non-specific adsorption of cytoplasmic pro- 
tein. Such adsorption, under different conditions, 
has been recently reported by Jansen et al. (18). 

Three additional lines of evidence indicated a low 
adsorption of enzymes to the cell wall. First, no in- 
creased UDPG pyrophosphorylase activity was asso- 
ciated with cell walls which had been suspended in a 
solution of this enzyme and then reisolated. Second, 
it was shown that oven-heated cell walls, when sus- 
pended with equivalent amounts of soluble protein, 
adsorbed only 1/10 to 1/20 of the ATP-ase activity 
found in the original cell wall preparation. Third, 
repeated washing of cell walls with aqueous buffer 
showed that most of the ATP-ase activity remained 
with the walls. : 

Many studies (discussed in the Introduction) sug- 
gest that cell wall growth may involve synthetic en- 
zymes located in the wall itself. Previous reports 
from other laboratories and the present studies have 
dealt with the enzymatic activities of the wall. It 
remains unanswered whether enzymes are located in 
the cell wall proper or attached to adhering cyto- 
plasmic membranes or the plasmodesmata which pene- 
trate the plant cell wall. 


SUMMARY 


The cell walls of corn coleoptiles prepared in 
glycerol media showed considerable enzymatic activi- 
ty as compared with that of the soluble protein and 
particulate matter from the same tissue. ATP-ase 
specific activity was approximately as high in the cell 
wall as in soluble protein and two to three times 
higher than in other particulate fractions. The spe- 
cific activity of cell wall invertase and UDPG pyro- 
phosphorylase was approximately ten times higher 
than that of the soluble protein. Inorganic pyrophos- 
phatase and a@-glycerophosphatase activities also were 
associated with cell wall preparations. We report in- 
dications that non-specific adsorption of cytoplasmic 
enzymes was not an appreciable factor. 
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SULFHYDRYLS—A NEW FACTOR IN 


SH CONTENT DURING FROST HARDENING?? 
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It has been known for some time (6), that there 
are at least two distinct factors in frost hardiness— 
A: cell sap concentration or sugar content, and B: 
physicochemical properties of protoplasm. The first 
must be in some way associated with enzyme activity, 
since it results from either a starch>sugar conver- 
sion or an accumulation of photosynthate in the form 
of sugar. The second seems to be dependent on pro- 
tein hydration. Enzyme activation is in many cases 
associated with SH, and protein hydration depends on 
the number of polar groups and therefore perhaps on 
SH. These facts led to the hypothesis that SH might 
be quantitatively related to frost hardiness, and to the 
following investigation of that hypothesis. 

Although there is no record in the literature of an 
investigation of the relation of SH to frost hardiness 
there is one report of a relation to drought resistance 
(4). Since frost hardiness is usually correlated with 
drought hardiness (6), this might be considered as 
evidence in favor of a relationship between SH and 
frost hardiness. Unfortunately, no attempt was made 
to measure the drought resistance of the several 
strains of loblolly pine used other than to accept the 
order “well established by field experiment”. The 
only attempt.to measure desiccation resistance in the 
laboratory failed to yield any relationship to the field 
determined resistance. This agrees with Parker (7), 
who could not detect any better ability of the more 
drought resistance coniferous species to recover from 
a low leaf moisture than in the case of the less 
drought resistant species. There was, however, a 
greater ability to retain a high moisture content. In 
other words, the available evidence indicates that the 
drought resistance involved in the above investigation 
was avoidance rather than tolerance and therefore un- 
related to frost resistance. 


MATERIALS & METHODS 


The plants were exposed to hardening conditions 
by transferring them to a cold room at +3C. They 
were placed under 250 w lamps (500 w in the case of 
wheat) filtered through a tray of water, and given a 
12-hour photoperiod. Frost killing temperatures 
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dation Grants 9018 and 14231. 
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FROST RESISTANCE. I. CHANGES IN 
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were determined in a freezing chamber by the usual 
method (6), after successive hardening periods. 

Since changes in SH content may be expected to 
occur during extraction, this was performed in the 
cold room at about +3C. Leaves were cut up in 
0.5m sucrose containing 0.04m K,HPO, and blend- 
ed in this solution in a Waring blendor for two 15- 
second periods. The same blendor was used for all 
the samples in any one series, to insure the same de- 
gree of cell rupture and release of contents. In the 
first experiments this was an ordinary Waring 
blendor. In all the others, a special Waring blendor 
was used with attached razor blades that cut up the 
material more thoroughly than the ordinary Waring 
blendor, and permitted the use of smaller quantities of 
material. For this reason, the different series of 
values cannot be compared directly with each other, 
even in the case of a single species. Different 
species, of course, cannot be compared, since the 
percentage of cells broken open by the blending varies 
with the softness of the leaves. 

In the later experiments, blending under N, was 
compared with blending in air. The former was ac- 
complished as follows: 

The solution and leaf pieces were transferred to a 
500 ml Waring blendor fitted with razor blades. The 
screw cap of the blendor had been fitted on the out- 
side with a brass tube which opened into the blendor. 
A rubber tube was attached to the brass tube and the 
whole blendor plus lid together with the tissue to be 
blended and the blending liquid were placed in a 
vacuum desiccator. The desiccator was evacuated to 
2 to 4 mm Hg and N, gas was then let into it and 
the blendor. The blendor was then quickly attached 
to the N, tank from which a slow stream of N, con- 
tinued to flow, and the material was blended for two 
15-second periods while the stream of N, was flowing 
through the container. The homogenate in the first 
experiments was filtered through cheesecloth and SH 
immediately determined at room temperature. In 
later experiments, the finer blending with the razor 
blades eliminated the need for filtration. Small quan- 
tities of leaves sufficed (e.g. 2% g blended in 50 ml 
of the above mentioned solution). The pH of the 
homogenate varied from 7.3 to 7.7. In all the tables, 
blending was performed in air, except where other- 
wise stated. 

SH contents were determined by the argenti- 
metric-amperometric titration method of Kolthoff and 
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Harris (5), as slightly modified by Weissman et al. 
(8) and described by Chinard and Hellerman (1). 
Immediately after preparing the plant material, as 
above described, a 10 ml aliquot was made to 30 ml 
volume containing a final concentration of 13% 
methyl alcohol (which was sufficient to give a sharp 
end point), 0.25 ammonium hydroxide and 0.05 m 
ammonium nitrate, giving a pH of 9.0 to 9.5. This 
dilution yielded SH values in the range of about 1.5 
x 10-5 to 15 x 107-5M, a desirable range for 
titration. The reference electrode was a Hg-Hgl, 
electrode with a potential of —0.23 v vs. the saturated 
calomel electrode at 25C. <A platinum wire as indi- 
cator electrode rotated at 500 to 600 rpm. <A micro- 
ammeter with a sensitivity of 0.2 “zamp/mm was in- 
serted into the circuit. This was later replaced by 
galvanometers with sensitivities of 10~? to6 x 1078 
zamp/mm. The salt bridge was plugged with a 
tightly rolled coil of Whatman No. 1 filter paper re- 
placed daily. In later experiments the bridge was 
capped with a sleeve of KNO, fitted with an agar or 
filter paper plug, and this was replaced daily. 
0.001 n AgNO, was used as the titrant, freshly pre- 
pared each day (to avoid precipitation) from stock 
solutions of 0.1 and 0.01N AgNO,. Normality was 
checked periodically by titrating with recrystallized, 
dried NaCl using 5% potassium chromate as indi- 
cator. A 5 ml buret graduated into 0.01 ml was used 
for the amperometric titration. We allowed 3 to 4 
minutes for equilibrium of the circuit and 15 seconds 
after adding each increment of silver before reading 
the current. 

Titrations were carried out in room air in the first 
two Saxifrage series. To avoid oxidation changes, 
all the later titrations were carried out under nitrogen 
gas which was first bubbled through the solution for 
about one minute, then flowed over the solution while 
titrating. The titration beaker was covered with 
aluminum foil with holes punched for the electrode, 
salt bridge, buret, and nitrogen inlet. 

The apparatus was checked each day with 0.001 m 
n-dodecylmercaptan to establish proper working 
order. It was frequently found that the first one or 
two titrations had incorrect readings, but after these 
the results were reproducible. Another source of 
trouble was traced to high room temperature and 
humidity, consequently, all determinations during the 
summer months were made in an _ air-conditioned 
room at 22C. Results with this method using known 
substances are given in table I. 


RESULTS 

I. SAXIFRAGA STRACHEYI. In all four series in 
which hardening occurred (table II), the SH content 
rose sharply to a maximum during the first 4 to 11 
days of hardening. This large rise in SH was ac- 
companied by a relatively small rise in frost resistance 
(2-4C). The second rise in frost resistance in all 
cases was accompanied by a drop in SH. But it is 
only during this second 3 to 8° rise in frost resistance 
that hardiness was not correlated with SH content. 


PLANT PHYSIOLOGY 


TABLE [I 


AMPEROMETRIC TITRATION OF KNOWN 
SUBSTANCES FoR SH * 








SH 
iE INTENT (umole 
SUBSTANCE ‘lees tak ames 
RETICAL 
n-Dodecylmercaptan** Fresh 1.0 1.0 

(0.001 M, in abs. 

EtOH) 60 Days 0.80-0.83 
L-Cysteine HCl Fresh 1.0 1.1-1.3** 
Thiogel Fresh 25 1.75 

24 Hr 1.48 

48 Hr 0.98 

72 Hr 0.83 

18 Days 0.86 
Glutathione Fresh 1.0 0.80-0.83 


24 Hr 0.88 


* Determined in air at 22C. 

** Vacuum distilled. 

*** This agrees with reports (2) that cysteine HCl 
and certain other substances combine with 1.3 to 1.6 moles 
Ag salt per thiol group. 


In the fall series, two further rises in frost resistance 
occurred; these were paralleled by two rises in SH 
content. Finally, a drop in frost resistance occurre1l; 
this was accompanied by a drop in SH. _ In the winter 
series, one second rise and a subsequent drop occurred 
simultaneously in both SH content and frost re- 
sistance. 

Final evidence that the SH increase in Saxifraga 
is truly a hardiness factor and not simply a general 
response to low temperature is given in table III. 
When the leaves are either too old or too young, they 
are unable to become frost resistant on exposure to 
low temperature. When in this state, the low tem- 
perature treatment failed to induce a rise in SH con- 
tent. In fact, the newly formed leaves showed a 
marked drop in SH. 


II. CappaGE (BrAsstcA OLERACEA). The rela- 
tively slight hardening of the cabbage (table IV) 
was accompanied by a slight rise in SH in the first 
two series, a larger rise in both SH and hardiness in 
the third. Again, the three series cannot be directly 
compared with each other due to the use of different 
blendors. Again, the rise is followed by a drop in 
SH te that of the unhardened. And again, as in the 
case of Saxifraga, the highest degree of hardening 
involved a second rise in SH that did not occur when 
the hardening was less pronounced. 


III. Scortcn PINE (Pinus Sytvestris). In this 
case hardening was obtained under natural conditions 
(table V). The rise in SH was continuous with 
hardening and did not show the later drop found in 
the other plants. 


IV. Wueat (Triticum Sativum). A_ sharp 
rise in SH content accompanied the early slight rise 
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TABLE II 


CHANGES IN SH Content (umoles/gram fresh weight) & Frost RESISTANCE OF 






































SAXIFRAGA STRACHEYI DurRING HARDENING 
TIME AT + TIME AT - 
K i — SH Content ac a SH Content 
(pays) ™ (DAYS) ma 
A: Summer. Homogenizsed in air 
Series 1. Series 2. 
: 0 snieea oe 0 —1Y% 0.29 
— 4 —4 0.29 4 —-1Y% 0.27 
9 —5 0.53 11 —4Y, 0.50 
21 —10 0.45 21 —11 0.38 
44 —13 0.36 
60 —13 0.29 
B: Fall C: Winter 
83 Homogenised in Homogenized in 
air V5 N, 
0 —-lY% 0.48 0.74 0 --14% 0.60 
10 —4 0.68 1.00 4 —3 1.60 
y 20 —9 0.44 0.60 13 —6 1.28 
es 30 —10 0.92 1.10 26 —17 1.44 
40 —11 0.66 0.96 60 —9 1.14 
57 —16 1.06 1.14 
72 —22 1.46 1.52 
e 96 ~10% 0.96 
H oo ee a ic; oe aa 
Hs 
r in hardiness (table VI). The SH value then leveled TABLE IV 
( off at the maximum and failed to show any secondary CHances tn SH Content (umoles/gram fresh weight) 
= drop as in the other two herbaceous plants, except in & Frost RESISTANCE OF CABBAGE DURING HARDENING 
the last test on Kharkov. Both SH content and frost 
‘a resistance were consistently higher in the hardier Time AT KILLING =cpy = TIME AT KILLING gy 
il variety (Kharkov). Even the unhardened Kharkov M8 (°C) CONTENT cain (°C) CONTENT 
[. showed higher values than Seneca for both frost Bh Od Sa ae =a. 
y resistance and SH content. This is probably due to Series 1 
0 a slight degree of hardening during growth in the 0 —15 0.24 0 —3 0.46 
a cool greenhouse (temperature as low as 9C). The 6 —4 0.22 2 0.48 
. hardiness continued to rise after the maximum SH 12 —6 0.29 4 —4 0.46 
“1 18 —7 0.26 9 —5 0.57 
Taste IIT . a 
- CHANGES IN SH Content (umoles/gram fresh weight) Series 3 
) OF SAXIFRAGA LEAVES INCAPABLE OF HARDENING 0 —1.5 0.32 
t AT Low TEMPERATURE 4 coal 0.46 
: HARDENING FROST KILLING ; = — 
| (oars av3C) mur (PC) SH ne 
1. Very old leaves Blended in an : ei 
N, 
é 0 =" 0.92 value was reached, perhaps due to the development 
| 4 15 0.84 of the secondary factor—sugars. 

8 —25 0.80 V. TENDER PLaAnts. There is still a possibility 
| 2. New leaves (growth period 1 month) that the SH increase may be a simple general re- 
} : SH sponse to low temperature, unassociated with hard- 

Blended in iness, though in the case of Saxifraga this is certainly 
ear eet ee not true (table III). To establish this point more 
ms sped generally it is necessary to determine the response of 

0 above —15 2.14 1.38 tender plants (incapable of hardening) to low tem- 

8 —25 1.10 0.84 peratures. These are, unfortunately, more difficult 

15 —25 120 0.92 us to maintain alive and normal at hardening tempera- 
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TABLE V 


CHANGES IN SH Content (umoles/gram fresh weight) 
& Frost REsISTANCE OF ScotcH PINE (PINUS 
SyLvEstTris) DurInc NATURAL HARDENING 











DATE KILLING (°C) 
(1960) TEMP SH Content 
1 Blended in air 
Sept. 16 —7 0.30 
Sept. 30 —10 0.56 
Oct. 28 —18 0.60 
Nov. 11 —22 0.67 
2 Blended in N,, with less effective blendor 
Nov. 25 >—30 0.55 
Dec. 16 >—37 0.70 
Dec. 30 >—37 1.00 





tures. Some (e.g. Coleus) are quickly injured at 
these low temperatures and are therefore useless for 
SH_ determinations. Others (eg. Begonia & 
Rhoeo) are injured more slowly and may be kept 
alive for a few days, though they do wilt before in- 
jury sets in. A third group (e.g. sunflower & soy- 
bean) wilts at first but if transferred to room temper- 
atures for a few hours each day will recover and 
eventually show little or no wilting at the low tem- 
perature. Even in the case of this last group, how- 
ever, the slightly wilted leaves would be expected to 
show a slight apparent increase in SH content (per 
g fr wt) due to the loss of water, and a probably 


TABLE VI 


CHANGES IN SH ContTENT (umoles/gram fresh weight) 
& Frost RESISTANCE OF 2 WHEAT VARIETIES 














SH ContTENT 
TIME aT 3C KILLING cea 
(pays) — BLENDED IN BLENDED IN 
(°C) AIR N, 
1. Senéca 
0 —3.0 1.0 1.2 
4 —6.0 23 2.3 
8 —10.0 2.2 2.4 
13 —11.0 2.1 2.3 
17 —11.5 2.3 2.4 
32** —14.0 2.1 2.0 
2 Kharkov* 
0 —4.0 iS 1.6 
4 —75 2.7 2.9 
8 —12.0 28 3.0 
13 —12.0 3.1 2.9 
17 —14.5 23 27 
32** —16.0 2.3 28 





* The hardiness of the Kharkov seedlings was de- 
termined 1 day earlier than the SH in each case (i.e. at 3, 
7, 12 and 16 days, respectively). 

** The last values are not strictly comparable to the 
others, since the older leaves had died off and been re- 
moved. 


greater increase due to the hydrolysis of protei 
that occurs on wilting (6), and that would release 
masked SH. 

Of the four species tested (table VII), only one 
(Begonia) failed to show a rise in SH content on 
exposure to hardening temperatures, and two (so\ 
bean & sunflower) showed as large increases as 
the case of hardy plants. It was later found possil 
to avoid wilting or to reduce it to a minimum by t 
following two methods. 

I. The shoots were cut off at ground level and 
stood in erlenmeyers of water which were then trans- 
ferred to the cold room. Sunflowers treated in this 
way remained fully turgid at the low temperature; a 
relatively small rise in SH occurred after the first 
hardening period when the leaves were blended in 
N, (table VIII). It was suspected that this initial 
rise might be a wound response, since it has been 
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TABLE VII 


CHANGES IN SH Content Durinc Exposure To 
HARDENING TEMPERATURES OF SPECIES 
INCAPABLE OF HARDENING 








Not INJURED 
BY CHILLING 


HARDENING INJURED BY CHILLING 


PERIOD (DAYS BEGONIA RHEO 


at +3C) REX DISCOLOR SOYBEAN SUNFLOWER 

0 0.40 0.29 0.40 0.58 

2 0.32 

3 0.40 0.62 0.66 

5 0.50* 

7 0.31* 

9 0.37 

10 0.76 0.88 

17 0.84 0.75 
24 0.72 


* Chilling injury beginning. 


found that hydrolysis of proteins may occur in leaves 
distal to a wound surface (unpublished results). 

II. The next series was therefore kept in its pots 
as in the first case, but removed to room temperatures 
only once for 3 hours at the end of the 1st day at low 
temperature. From then on, the plants were kept at 
the low (hardening) temperature and watered every 
2 to 3 days with warm water. The pots containing 
soybeans were also insulated. In this way, they re- 
mained fully turgid and normal except for the brief 
slight wilting during the first day. When these pre- 
cautions were taken, and the leaves blended in N,, 
the SH content remained constant throughout the 
hardening period (table VIII). 


DISCUSSION 


As already pointed out, one series of results can- 
not be compared with another, because one blendor, 
for instance, may yield double the SH/g fr wt given 
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TABLE VIII 


Cuances In SH Content (umoles/gram fresh weight) Durrnc Exposure oF TENDER PLANTS 
(INCAPABLE OF HARDENING) TO HARDENING TEMPERATURES 








SUNFLOWER (IN POTS) 











SH 
HARDENING TIME BLENDED IN 2 SH 
(pays at 3C) on a “anne ester 
Arr N, 
1. Sunflower (shoots) 
0 0.72 1.14 0 1.54 2.02 
4 0.68 1.52 3 2.08 2.10 
9 0.74 1.12 7 1.36 2.16 
13 1.04 1.06 14 2.08 2.06 
2. Soybean (in pots) 
0 212 
6 2.36 
11 2.30 
18 2.20 








by another. Within any one series, however, the 
comparisons are valid since all the conditions of ex- 
traction were kept constant. The uniformity of re- 
sults obtainable in this way is revealed by table VIII. 
The following discussion therefore, is confined to 
comparisons within each individual series. 

The only time when hardening occurred without 
an increase in SH was during the second stage of 
hardening of Saxifraga and cabbage. This may, 
however, be partly an artifact, due to oxidation of 
SH during extraction. That such oxidation occurs 
is indicated by the higher SH values in both species 
when blended in N,. Even in the latter case, some 
oxidation might occur, since the N. is not completely 
O, free. In further agreement with this explanation, 
the wheat varieties failed to show the secondary 
drop in SH during hardening; they also seem to be 
free of SH oxidation during extraction, since the SH 
values were essentially the same whether blended in 
air or N,. There are, of course, other factors that 
may be involved—e.g., the second stage of hardening 
may be due more to a sugar increase than to the SH 
change in the case of Saxifraga and cabbage. 

We must emphasize, however, that in spite of the 
clear-cut correlation between SH content and hard- 
iness, not all increases in SH can be expected to 
confer hardiness. This was demonstrated by the 
tender species (sunflower & soybean) that showed a 
rise in SH at low temperatures if allowed to wilt. 
Similarly, the evidence indicates that it is not the 
absolute SH values that are correlated with hard- 
iness. Highest values were, in fact obtained in the 
case of a tender species (sunflower). These ap- 
parent contradictions can be explained if the different 
forms of SH are considered. 

There are three main sources of SH in the plant: 
1: non-protein SH, 2: free protein SH, and, 3: mask- 
ed (unmeasured) protein SH. A detectable increase 
in SH may be due to an increase in one or both of 
the first two, by A: a reduction of non-protein S-S 


¥ 


to SH B: a reduction of protein S-S to SH C: a con- 
version of masked protein SH or S-S to free protein 
SH by unfolding of the protein D: a conversion of 
masked protein SH to non-protein SH by hydrolysis 
of protein, and E: a net synthesis of 1 plus 2. Ac- 
cording to the theory on which this investigation is 
founded, an increase in frost resistance would result 
from an increase in SH only if this is of types B 
and C. The other types of SH increases could there- 
fore occur without producing an increase in hard- 
iness. It is therefore, reasonable to expect two kinds 
of SH increases, one associated with hardening and 
the other not. It is, indeed, known that an SH in- 
crease does accompany activation of a plant from 
the dormant to the growing stage, though accom- 
panied either by no hardiness change or by a loss; 
and in at least some cases this is due to the formation 
of glutathione (2). This kind of SH increase would 
not of itself increase hardiness according to the 
hypothesis presented here. > 
Therefore, it is, easy to understand why (as men- 
tioned above) 1: not all SH increases are accom- 
panied by increases in hardiness and 2: the absolute 
SH content cannot be expected to parallel hardiness. 
When, however, other SH producing events were 
prevented (e.g. wilting in the case of tender plants) 
no appreciable SH increase occurred without a hard- 
iness increase. Similarly, when growth effects were 
excluded, by maintaining the plants at 0 to 5C, in 
all the cases tested, the induction of hardiness was 
accompanied by an increase in SH, and the greater 
the increase in hardiness, the greater was the in- 
crease in SH. As mentioned above, there was an 
exceptional secondary drop in SH in two species 
during the second stage of hardening, which can be 
explained by oxidation during extraction. But when- 
ever a marked third stage of hardening occurred, 
this was accompanied by another SH increase, and 
when after the maximum hardening was attained, 
this was followed by a drop in hardiness, SH also 
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decreased. The results in this paper therefore agree 
with the hypothesis that frost hardiness is initiated 
by a rise in protein SH. Further evidence of course, 
is needed before such a hypothesis can be firmly 
established. 


SUMMARY 


I. In the four hardy species of plants tested, SH 
increases always accompanied increases in hardiness 
during the first stage of hardening. 


II. In two species, the second stage of harden- 
ing was accompanied by a drop in SH but whenever 
a further hardening occurred beyond this stage, SH 
again increased. In the other two species the cor- 
relation was consistent. 


III. When hardiness decreased, SH decreased 
also, and when hardiness failed to develop at harden- 
ing temperatures, SH failed to increase. 


IV. Tender plants (incapable of hardening at 
low temperatures) also showed a marked increase in 
SH at hardening temperatures, but only if permitted 
to wilt. If wilting was kept to a minimum, no ap- 
preciable increase in SH occurred. 


V. These results are in agreement with th 
hypothesis that hardening involves an increase i 
protein SH, and that other increases in SH ma 
occur without hardening. 
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SULFHYDRYLS—A NEW 


FACTOR IN FROST RESISTANCE. 





II. RELATION 


BETWEEN SULFHYDRYLS & RELATIVE RESISTANCE 
OF FIFTEEN WHEAT VARIETIES * * 
WALTER SCHMUTZ,? CHARLES Y. SULLIVAN, & J. LEVITT 


DEPARTMENT OF BoTANY, UNIVERSITY oF Missourt, COLUMBIA 


\n increase in SH content was shown to occur 
during the frost hardening of several herbaceous 
plants (2). To test this relationship further, SH 
was measured in a series of wheat varieties grading 
in hardiness from very hardy to very tender. The 
field-determined hardiness of these 15 varieties is 
shown in table I together with the hardiness deter- 
mined by tests in a freezing chamber. 


MATERIALS & METHODS 


The wheat varieties were supplied by Dr. G. 
\uthammer of the Institut fiir Acker-und Pflanzen- 
bau, at Freising-Weihenstephan, Germany. To ob- 
tain seedlings in the three-leaf stage preparatory to 
hardening, they were grown in flats of soil in the 
greenhouse under prevailing temperatures during 
May to July. A photoperiod of 9 hours was used at 
all stages. The three-leaf seedlings were then hard- 
ened by transfer to a cold room at 3 C under either 
two 500-w incandescent bulbs (the radiations from 
which were cooled by a tray of water) or under ten 
40-w fluorescent bulbs. The illumination at the leaf 
surface was 250 and 1,000 ft-c, respectively. To ob- 
tain seedlings in the coleoptile to one-leaf stage, the 
seeds were germinated in petri dishes of vermiculite 
covered with filter paper, for 5 days at 22 C and with 
the weak light prevailing in the laboratory. Two 
kinds of hardening were used for these: A, 4 days 
at —4C in the dark, and B, 7 days at 2C with a 
9-hour day of weak light (70 ft-c). 

Frost-killing points were determined by suspend- 
ing the seedlings in the freezing chamber, inoculating 
with snow, lowering the temperature 2 C/hour, and 
removing two plants to the cold room after each 
freezing temperature. After 24 hours at 3C, they 
were then transferred to water at room temperature 
for a few days and the percent injury estimated. The 
frost k‘lling point was the one producing more than 
00% kihing of the leaves. 

The extracts for SH determinations were pre- 
pared in the cold room (3 C) as follows: 10g fresh 
materiai were first cut into small pieces in 150 ml 


' Revised manuscript received May 18, 1961. 

‘ This study was supported by National Science Foun- 
dation Grant 9018. 

‘Institut fiir Acker-und Pflanzenbau der Technischen 
Hochschule Miinchen, Freising-Weihenstephan, Germany. 
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0.50 sucrose containing 0.04m K,HPO,, then 
blended for two 15-second periods in a Waring 
blendor. The homogenate was then filtered through 
four layers of cheesecloth. This filtered homogenate 
was either used as such or it was centrifuged 30 min- 
utes at 2,500 « g in a Servall SS-2 centrifuge and 
the supernatants used. Where smaller amounts of 
material were available, the same proportion of ex- 
tracting solution was used as in the above case. The 
pH of the homogenate was 7.3. 

The SH was determined by the amperometric 
method as described earlier (2). The osmotic poten- 
tials were determined plasmolytically, using CaCl, as 
plasmolyte. 


RESULTS 


It should again be emphasized that the SH results 
of different tables cannot be compared with each 
other, nor with the previously published results with 
wheat, because A, the procedure was uniform within 
any one series but different (e.g. filtration, use of 
different blendors, etc.) from series to series, and B, 
because SH content varies with stage of development 
which differed from one experiment to another, 
though maintained as nearly constant as possible 
within any one series. 

The relative frost hardiness of the 15 varieties as 
determined by freezing tests agreed with field experi- 
ence over a period of years at Weihenstephan in all 
except one case—the French variety, Etoile de 
Choisy (table I). This variety proved slightly more 
hardy by the freezing test than expected from field 
experience. 

The SH contents of 11 varieties (the other 4 were 
not tested in this experiment) showed a good corre- 
lation with hardiness (table Il). One variety (Heine 
VIL) had a slightly higher SH content than its posi- 
tion in the hardiness series would warrant, another 
(Anna Migliori) This series was 
run shortly after the freezing tests in table I, which 
showed that the varieties had their normal relative 
hardiness. 

A second test for SH content was run on nine 
varieties grown a month later. These failed to show 
any correlation with expected hardiness, and all the 
SH values fell around the middle of those in the first 
Freezing tests on the re- 


slightly lower. 


experiment (table IIT). 
maining six varieties plus two of those tested for SH 
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TABLE I 
Frost HARDINESS OF WHEAT VARIETIES 








KILLING TEMP 





HARDINESS FROM (°C) 
VARIETY ORIGIN PREVIOUS FIELD Now- 
ace eaenis HARDENED WEEKS WEEK¢S 
Minhardi USA l —— 16 
Anna Migliori Italy Very hardy —15 —16 
Carsten VIII Germany \ —14 —16 
Eroica II Sweden —12.5 
Criewener 192 Germany Hardy —12.5 —14 
Derenburger Silber Germany —12.5 
Austro Bankut Austria —4 —12.5 —14 
General v. Stocken Germany —12.5 —14 
Pfeuffers Schernauer Germany Moderately hardy —ie 5 ae) 
Heine VII Germany —11 
Panter Belgium —11 —12 
Etoile de Choisy France a 125 —%$4 
é Slightly hardy E 
Toerring II Germany — ™ —10.5 —12 
Heines Peko Germany Slightly hardy = 105 a 
Lichtis frith Germany 


(Spring varieties) —1@5 <3) 





revealed that very little hardiness had developed in 
this series (table IV) and that even this was not in 
the order expected from field experience. The ability 
of the first series to harden under conditions that 
failed to induce hardiness in the second series, was 


TABLE IIT 


SH Conrent or LEAVES OF WHEAT SEEDLINGS* 








SH CoNTENT OF 


V ARIETY SUPERNATANT (umole/g fr wt 
LEAVE S)_ 
Anna Migliori 0. 84 
Carsten VIII 0.93 
Eroica II 0.84 
Criewener 192 0.81 
Derenburger Silber 0.77 
Austro Bankut 0.73 
General v. Stocken 0.65 
Pfeuffers Schernauer 0.52 
Heine VII 0.58 
Panter 0.49 
Etoile de Choisy 0.46 


* Planted May 11, 1960. Grown 2 2 weeks oie ‘hin 
days. Hardened 3% to 4 weeks in the coldroom (1,000 
it-c). 


probably related to the growing conditions previous 
to hardening. The first series was grown in the 


greenhouse during the comparatively cool days of 
May and the second series during the hotter days of 
June. 


In order to obtain plants capable of hardening in 
a short time, the next series of seeds was allowed to 
develop only to the coleoptile to first leaf stage. This 
was accomplished by five days’ germination at 22C 
in an air-conditioned laboratory. The SH contents 
of these seedlings showed a slight correlation with 
expected hardiness (table V). When they were 
hardened for 4 days at —4 C, a somewhat better cor- 
relation appeared, though the absolute values drop- 
ped. The best correlation, however, appeared after 
the 5-day old seedlings had been subsequently hard- 
ened for 7 days at 2C. These results agree with 
earlier determinations of frost hardiness by freezing 
tests made at Weihenstephan, i.e., a slight relation to 
field experience if germinated 5 days at 18C, a 


TABLE III 


SH Content or LEAVES OF WHEAT SEEDLINGS* 








SH ContTENT OF SUPERNATANT 


VARIETY (umole/g fr wt LEAVES) 
Minhardi 0.65 
Carsten Vill 0.70 
Eroica II 0.57 
Criewener 192 0.57 
Derenburger Silber 0.67 
Austro Bankut 0.61 
Panter 0.64 
Etoile de Choisy 0.60 
Toerring— II 0.64 


* Planted June 10, 1960. Grown 2% weeks under 
9-hour days. Hardened 2 weeks at 250 ft-c followed by 
5 weeks at 1,000 ft-c, all in the coldroom. 
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TABLE IV 


Frost HARDINESS OF REMAINING VARIETIES FROM 
SERIES IN TABLE III 











; HARDINESS FROM KILLING 

VanRIETY FIELD EXPERIENCE TEMP (°C) 
Anna Migliori Very hardy —75 
Criewener 192 Hardy —7.5 
General v. Stocken Moderately hardy —9.5 
Pfeuffers Schernauer Moderately hardy —9.5 
Heine VII Moderately hardy —9.5 
Toerring II Slightly hardy --7.5 
Heines Peko Slightly hardy —4.5 
Lichtis frith Slightly hardy —4.5 





better relation if subsequently exposed to —4C for 4 
days, the best correlation if hardened in the normal 
manner. The last result was corroborated (table 
VI) by freezing tests made on plants from series 3 of 
table V. The correlation with field experience is 
good though not perfect. It should be pointed out 
that at this stage of incomplete hardening the SH 
tests actually show a better correlation with field 
survival than do the freezing tests. The two spring 
varieties (Heines Peko & Lichtis frith) were usually 
exceptions—their SH contents were much higher than 
expected from their minimal hardiness. This may 
be related to the greater growth of the spring wheats. 

In his classical paper, Akerman (1) showed an 
excellent correlation between the sugar content or cell 
sap concentration and frost hardiness of a dozen 
Swedish wheat varieties. This test was also tried 
on the 15 varieties used in this investigation. Very 


TABLE VI 


HARDINESS OF SEEDLINGS From Series 3, TABLE V 











VARIETY KILLING TEMP (°C) 
Minhardi >—10.5 
Anna Migliori — 85 
Carsten VIII —10.5 
Eroica II >—10.5 
Criewener 192 —10.5 
Derenburger Silber — 85 
Austro Bankut —10.5 
General v. Stocken — 45 
Pfeuffers Schernauer — 75 
Heine VII — 45 
Panter — 75 
Etoile de Choisy — 75 
Toerring II — 45 
Heines Peko — 45 
Lichtis friih — 75 








little correlation was found (table VII) though the 
experiment was run when freezing tests revealed an 
excellent correlation with field survival. Several 
other tests tried in a preliminary way were also un- 
successful. 


Discussions & CONCLUSIONS 


All the above results show a good correlation be- 
tween SH content and the field determined frost 
hardiness of the varieties when the plants are in the 
hardened state. When they are not in the hardened 


TABLE V 


SH Contents (umole/g fr wt Sprouts) of SEEDLINGS IN COLEOPTILE TO 1-LEAF STAGE 








1. GERMINATED 5 DAYS 


2. + 4 DAYS AT 3. + 7 DAYS 





VARIETY AT 22 C WITHOUT . ‘ie AT 2 C, 9 HR LIGHT 
HARDENING —4C, (Dark) (70 ft-c) 

Minhardi 0.67 0.48 0.64 ( 
Anna Migliori 0.59 0.43 0.63 ¢ >0.60 
Carsten VIII 0.76 0.41 0.40 0.71 
Eroica II 0.65 0.45 {~~ — 0.60 0.55 
Criewener 192 0.63 0.41 0.55 060 
Derenburger Silber 0.53 0.40 0.59 
Austro Bankut 0.45 0.34 0.49 
General vy. Stocken 0.48 0.35 ] 0.33— 0.55 
Pfeuffers Schernauer 0.38 0.33 0.35 0.48 0.45— 
Heine VII 0.60 0.35 } 0.57 0.55 
Panter 0.55 0.27 l 0.48 
Etoile de Choisy 0.35 0.29 ¢ <0.33 0.42 0.45 
Toerring II 0.38 0.31 \ 0.44 <> 
Heines Peko 0.56 0.34 0.60 
Lichtis frith 0.49 0.31 0.54 


Dp 
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TABLE VII 


Osmotic PoteNTIAL (atms) OF 15 WHEAT VARIETIES 











VARIETY UNHARDENED 2 WEEKS HARDENED KILLING TEMP (°C 
Minhardi 14.3 21.9 —16 
Anna Migliori 13.0 16.8 —15 
Carsten VIII 14.3 21.9 —14 
Eroica II 13.0 21.9 —12.5 
Criewener 192 16.8 19.3 —12.5 
Derenburger Silber 14.3 21.9 —12.5 
Austro Bankut 13.0 23.2 —12.5 
General v. Stocken 15.5 19.3 —12.5 
Pfeuffers Schernauer 13.0 18.0 —12.5 
Heine VII 12.4 20.6 —11 
Panter 11.8 19.3 —11 
Etoile de Choisy 13.0 21.9 —12.5 
Toerring II 14.9 18.0 —10.5 
Heines Peko 16.8 18.0 —10.5 
Lichtis frith 21.2 19.3 —10.5 





state, the varieties show very little difference in SH 
content and no correlation between these small dif- 
ferences and frost hardiness. This is further evi- 
dence of the earlier conclusion (2) that SH is a 
factor in frost hardiness. Since the secondary factor, 
cell sap concentration, failed to show a correlation 
with varietal hardiness, this indicated that SH is a 
primary factor. 


SUMMARY 


I. In nearly all the 15 wheat varieties forming a 
series of decreasing frost hardiness, the SH content 
of the homogenate or the supernatant liquid was di- 
rectly related to frost hardiness. 


II. When the varieties failed to become frost 
hardy, they also failed to show the above differences 
in SH content. 


III. The relationship between SH content and 
frost hardiness was obtained both when the seedlings 
were in the three-leaf stage and when in the coleoptile 
to one-leaf stage. 


IV. Other tests (e.g., cell sap concentration) 
failed to show a correlation with frost hardiness. 


V. We conclude that SH must be a primary 
factor in frost hardiness. 
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GROWTH OF PARTHENOCISSUS TRICUSPIDATA TISSUE CULTURED ON MEDIA 


CONTAINING AZA ANALOGUES OF INDOLE-3-ACETIC ACID 
AND INDOLE-3-PROPIONIC ACID??? 
HOPE H. ROBSON, HENRY T. YOST, JR., & MICHAEL M. ROBISON 8 
DEPARTMENTS oF Brotocy & CHEMISTRY, AMHERST COLLEGE, AMHERST, MASSACHUSETTS 


Several years ago, Robison and Robison (5) re- 
ported the synthesis of some compounds of biological 
interest. Among these were 7-aza—indole—3-acetic 
acid (AIAA) and 7-aza-indole-3-propionic acid 
(AIPA), aza analogues of indole—3-acetic acid 
(IAA), and indole-3-propionic acid (IPA). It was 
apparent that such compounds might be anti-metabo- 
lites of auxin, in the same manner that azaguanine 
has proved to be an inhibitor in guanine metabolism 
(2). For this reason, studies were begun of the 
effect ot these compounds on normal and crown gall 
tissues of Parthenocissus. Although preliminary re- 
sults indicated that these compounds might, indeed, 
be inhibitors, further study showed that they actually 
stimulated growth at certain concentrations (6). 
After initiating this study, Thimann (8) reported on 
the auxin activity of AIAA in Avena and Pisum; 
however, he did not report on the activity of AIPA. 
Since our results with regard to AIAA were in gen- 
eral agreement with Thimann’s, it seemed even more 
appropriate to investigate the new compound, AIPA, 
and to extend the findings with AIAA to other plant 
tissues. Furthermore, this seemed especially desir- 
able, since these compounds showed promise of being 
helpful in investigating the difference between normal 
and tumor tissues of Parthenocissus. 

One of the characteristics of the crown gall tissue 
is its ability to grow in culture in the absence of an 
exogenous auxin supply. The normal tissue must 
have auxin in the medium for growth. This differ- 
ence in the two types of tissue has been the object of 
investigation for the last 10 years, and the possibilities 
for speculation have been narrowed. Several in- 
vestigators have ruled out the possibility that the 
crown gall grows without auxin altogether (3,4). 
Therefore, the only remaining possibilities are that 
the auxin is produced more rapidly in the crown gall, 
that it is destroyed less rapidly, or that the tumor 
has a much lower auxin requirement. Recently, 
Lipetz, and Galston (4) have shown that IAA oxidase 
can be obtained from the medium on which crown 
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gall tissues are grown. Since this was not the case 
with the normal tissue, the fact suggested that the 
capacity of the crown gall to destroy auxin was higher 
than the normal and that the difference in the two 
tissues resulted from a higher auxin production in 
the tumor. However, the level of peroxidase was 
high in the normal tissue, and since this enzyme 
seems to be an essential part of the IAA oxidase sys- 
tem, the authors suggest that the oxidase activity in 
the intact normal cells may be quite high. 

The fact that it was possible to obtain inhibition 
of the growth of tumor tissue with the aza analogue 
of IPA suggested that it might be acting to block 
either the synthesis of auxin or its destruction. 
Therefore the investigation of the effects of the aza 
compounds was extended to their action on IAA 
oxidase from tumor tissue. 


MATERIALS & METHODS 


Tissues derived from normal stems of Partheno- 
cissus tricuspidata (Sied, & Zucc.) Planch. and bac- 
teria-free crown gall tissues of this species were 
grown on White’s medium (10) modified to contain 
3 % sucrose, 0.01 ppm of cobalt, copper, and nickel, 
0.02 ppm of molybdenum, and ferric tartrate to re- 
place ferric sulfate. (Normal tissues were grown 
routinely on 0.05 y/ml NAA). In addition, the 
media contained various concentrations of IAA, IPA, 
AIAA, or AIPA. The concentrations for each set 
are given with the data. These compounds were 
added routinely to the medium before autoclaving. 
In some experiments, they were filter sterilized and 
added to the medium after autoclaving. There was 
no difference in the results obtained. Slants were 
made from 10 ml (fig 1) or 15 ml (all other data) 
of medium in 25 x 150 mm test tubes. The cultures 
were grown at 29C. Aluminum foil caps were 
placed over the cotton plugs to prevent excessive 
evaporation. 

One or two pieces of tissue, approximately 50 
mg in weight, were placed on each agar slant. Ten 
slants were prepared for each concentration (or con- 
dition) tested, in each experiment. Since there is 
some variation in the growth of different cultures, an 
attempt was made to get more uniform growth po- 
tential in all sections of an experiment by dividing the 
tissue from a single culture among the tubes of these 
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different sections. At the end of 3 weeks of incuba- 
tion, the cultures were weighed. In most cases, the 
final weights are for ten cultures weighed together. 
In table III, the data are for cultures weighed indi- 
vidually, both initially and finally. In all cases, 
several experiments were run to establish individual 
points. Therefore, the data represent averages de- 
rived from the growth of at least 30 cultures. The 
growth of these cultures is uniform in any single 
experiment, but there may be variations between ex- 
periments, since the growth rate of the tissue is not 
the same at different times. 

For the studies of IAA oxidase, crown gall tissue 
was cultured on White’s medium without agar for 4 
or 5 weeks. The medium was passed through a 
cintered glass filter of medium porosity and then 
centrifuged at 8,150 rpm for 10 minutes. In each 
assay ™% ml of the supernatant was used as the source 
of the oxidase. The reactions were run by the method 
of Witham and Gentile (11). One milliliter aliquots 
of the reaction mixture were added to 2 ml of the 
reagent (1 ml of 0.5 m FeCl, in 50 ml of 35% 
HCI1O,), and the residual TAA was determined color- 
imetrically at 530 mz. To assay the effect of various 
related compounds on the activity of the oxidase sys- 
tem, 40 y of AIAA, AIPA, IPA, or NAA (napthalene 
acetic acid) were added to 10 ml of the reaction mix- 
ture (substrate conc: 200 y IAA). In test of 
combined compounds, the reaction mixture contained 
26 y of IPA and 14 y of AIPA. 

The various compounds were assayed for auxin 
activity by the Avena section test (7) as described by 
Bonner (1). Ten sections were used for each test; 
the data represent averages’ of the length differences 
for these ten sections corrected for the increase in 
leneth of sections without auxin. 


RESULTS 


The data in table I represent an attempt to de- 
termine the effect of the various compounds used in 
these experiments on cell elongation of Avena coleop- 
tile sections. These tests were run to give an indica- 
tion of the relative auxin activity of these compounds. 
Conditions were not thoroughly standardized, as only 
an indication of relative activity was needed for our 
purposes. These data are in agreement with the 
findings of Thimann (8) with regard to the relative 
activity of IAA and ATAA. Also, under the same 
conditions, AIPA resembles IPA in showing very 
slight auxin activity. 

Simultaneously with the Avena tests, these com- 
pounds were assayed for their growth-promoting ac- 
tivity in tissue cultures. In figure 1 is presented the 
data obtained with normal tissue grown on IAA, IPA, 
AIAA, or AIPA. It is important to note that the 


variability in the growth of the tissue is such that the 
data presented in this paper can only be used as indi- 
cative of the type of effect (or the trend of the effect) 
to be expected when such compounds are added to the 
medium. The base line is taken from the weights of 


TABLE I 


Auxtin Activity or ComMpouNDs BY AVENA SECTION Test 











Conc CORRECTED INCREASE IN LENGTH (mm) 
(y/ml) “TAA AIAA IPA AIPA 
0.01 ee a ee 2 
0.05 bats oss mar 12 
0.1 22 7 a 3 
1.0 43 24 6 1 
10 21 22 11 0 
100 ee 11 y 


normal tissue grown 3 weeks on medium without add- 
ed auxin and, therefore, represents the growth per- 
mitted by the residual auxin supply after transfer. 
These data show that, under the conditions of culture, 
all of the tested compounds have growth-promoting 
activity. However, IAA and AIAA are not the most 
satisfactory growth regulators. This may be the re- 
sult of the rapid destruction of these compounds by 
tissue grown in the light. The best growth of normal 
tissue in culture is obtained with AIPA at a concen- 
tration of approximately 0.1 y/ml. Similarly, IPA 
behaves as a good growth stimulant at somewhat 
higher concentrations than AIPA. Therefore, in 
these cultures, [PA and AIPA are effective growth 
regulators, for the 3-week test period. 
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CONCENTRATION (Y/ML) 


Fic. 1. Growth of normal tissue cultured on various 
concentrations of IAA ™, AIAA (J, IPA A, or AIPA 
A. Broken base-line represents growth of normal tissue 
after transfer from stock culture to medium containing 
no auxin. 
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TABLE II 


INTERACTION OF IPA & AIPA 1n NorMaAt TISSUE 











rious 
IPA 
issue 
ining 








Fr wt (mg/culture) 


AIPA* 0 0.05 0.1 0.5 
IPA 

0 105 153 152 114 
0.05 135 179 170 119 
0.1 144 171 175 132 
0.5 177 220 220 190 
1.0 175 175 238 192 

Dry wt (mg/culture) 
0 5.8 8.2 9.7 5.7 
0.05 6.9 9.0 8.9 5.7 
0.1 y Be 8.1 9.1 6.4 
0.5 8.3 10.6 10.3 8.1 
1.0 7.6 8.2 8.3 8.1 
Cell number (x 104/culture) 

0 148 163 179 84 
0.05 139 172 179 177 
0.1 114 143 150 176 
0.5 181 164 183 183 


1.0 177 193 226 244 


* Concentrations of IPA and AIPA expressed as y/ml. 


To determine the nature of the action of AIPA, a 
series of experiments was done in which tissue was 
grown in the presence of both IPA and AIPA. In 
table II are the results of these studies. It can be 
seen that 0.5 y/ml of AIPA is sufficient to inhibit the 
division of cells in normal tissue cultures, and at this 
concentration, essentially stops the growth of the 
tissue. Since there is no increase in the inhibition 
when IPA is added to the AIPA, it appears that we 
are not dealing with two forms of the same auxin 
which act together through the same path. In fact, 
the data indicate that inhibition of growth by high 
concentrations of AIPA is reversed by adding IPA. 
Therefore, it would appear that the AIPA is acting 
as a competitive inhibitor of some phase of IPA 
metabolism. However, there is no evidence that IPA 
is ever found in normal tissues, and thus the inhibi- 
tion by AIPA when used alone cannot reasonably be 
attributed to an antagonistic action on IPA. Fur- 
thermore, the synergistic action of AIPA and IPA, 
which is especially evident in cell number, at the 
highest concentrations, precludes any such simple ex- 
planation of the mode of action. 

It seemed advisable to extend the data on the ef- 
fects of combined IPA-AIPA treatments to the 
tumor tissue (table III). The action of AIPA with 
IPA is strikingly different in the normal and tumor 


TABLE ITI 


INTERACTION OF TPA & AIPA In Tumor & NorMAL TISSUE 














AIPA AIPA/IPA IPA 
(0.5 y/ml) (0.5 y/1 y/ml) (1y/ml) 
INITIAL FINAL INITIAL FINAL INITIAL ce, FINAL _ 
= (mg) . ; Peck (mg) (mg) (mg) (mg) (mg) 
Tumor 
5644 309 + 21 Sa 3 218 + 14 58.2 540 + 34 
62-3 401 + 28 5444 228 + 22 58+ 3 663 + 54 
St 3 394 + 33 m3 343 + 18 53.2 910 + 88 
48 + 3 215 = 17 S522 272 + 38 Se ss 647 + 91 
6442 309 + 12 59+ 3 247 + 25 60 + 4 781 + 48 
Norma! 
62 =:4 94+ 11 6445 189 + 17 ner So 
59+ 4 127 = 12 593 186 + 4 58 + 3 ie 13 
63 Hs +7 53-2 164+9 65 + 3 174+ 11 
a 64+ 4 102 +6 582+ 3 188 + 6 56 + 3 203 + 24 
TABLE IV 
INTERACTION oF AIPA, IPA, & IAA 1n Tumor Tissue* 
AIPA/IPA IPA IPA AIPA/IPA/IAA 

(0.5 y/1 y/ml) (1.5 y/ml) (2 y/ml) (0.5 y/1 y/0.1 y/ml) 

215 +7 509 + 9 306 + 11 ee ; 

294+ 9 673 + 18 598 + 15 

283 + 11 875 + 21 794 + 23 me? 

i7iz8 


260 + 8 





* Final weights in mg. 
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tissues. The tumor tissue is strongly inhibited by 
the combination, when compared to AIPA or IPA 
alone. As a check on these findings, tumor tissue 
was grown on higher concentrations of IPA alone 
and compared to the growth of the tissue on the 
combined compounds (table IV). The AIPA and 
IPA are not acting together as auxins to give inhibi- 
tion of growth. The combined treatment supplies 1.5 
y/ml of auxin and the growth on this is much less 
than that on 2 y/ml of IPA. From these data it is 
clear that AIPA is not acting as a simple auxin or as 
a competitive inhibitor of IPA metabolism in these 
tissues. Furthermore, these data indicate that add- 
ing IAA to the AIPA-IPA combination greatly in- 
creases the inhibition. These findings suggest that 
the combination is producing its effect by protecting 
IAA from destruction and, therefore, allowing the 
tumor tissue to 
auxin. 

(In addition to the above table III provides in- 
formation about the intrinsic variability in the growth 
of tissues by this method. In these experiments, each 
piece of tissue was weighed before inoculation and at 
harvest. Each number is a mean value for ten pieces 
of tissue, with the standard error of this mean. It 
is obvious that the variation in the initial weights is 
not great. The variation in the final weights is 
slightly greater, indicating a somewhat uneven growth 
of the cultures. However, the variation is never suf- 
ficient to obscure the differences which result from 
different experimental conditions. ) 

Consideration of the preceding data suggested that 
the action of the AIPA might be upon IAA oxidase. 
One could explain the apparently anomalous results, 
if it were assumed that the various compounds other 
than natural auxin used to grow tissue cultures were 
not acting as auxin (which is assumed to be supplied 
by the tissue itself) and were acting to regulate the 
destruction of auxin by the oxidase system. To check 
this suggestion, a series of tests was made using [AA 
oxidase from crown gall tissue and assaying its ac- 
tivity on the IAA substrate, in the presence of the 
various compounds of interest (tables V & VI). 
These data are the average of three trials made with 
a single preparation of the oxidase, in each table. 
Repetitions of these experiments have been made with 
different preparations of the enzyme, and the effect 


accumulate excessive amounts of 


TABLE V 


INHIEITION OF TAA OXIDASE BY Various ComMPpouNDS* 








CoMPouUND % IAA 
TESTED DESTROYED 
IAA 81 
AIAA 80 
NAA 74 
AIPA 53 
IPA 50 
AIPA/IPA 30 


* Reaction time: 50 minutes. Average of three runs. 


TABLE VI 


INHIBITION OF JAA OxIDASE BY VARIOUS 
CoNCENTRATIONS OF IPA & AIPA* 








CoNCENTRATIONS % IAA 
AIPA/IPA DESTROYED 
Sy/10y 83 
10y/20y 74 
20y/40y 50 


* Reaction time: 30 minutes. Average of three runs, 
Enzyme more active than table V 


tends to vary with each preparation. However, the 
data are representative of the type of effect obtained 
with each compound on successive trials, only the 
magnitude of the effect varies. It is clear that the 
combined AIPA and IPA are significantly greater 
inhibitors of the oxidase than any other compounds, 
Furthermore, the activity of the [AA and the AIAA 
are essentially the same, as are the IPA and AIPA, 
although the latter are effective inhibitors of the 
oxidase. NAA was tested to give an estimate of its 
action in cultures, since this is the compound most 
generally used in tissue culture work. It is interest- 
ing that it falls between the IAA and the IPA. 
these data we cannot be certain of its action. 


From 


DISCUSSION 


The data presented in this paper show that, at 
certain concentrations, IPA and AIPA are effective 
growth regulators for Parthenocissus tissue cultures. 
Since the normal tissue will grow on these compounds 
in the absence of any other auxin, it is clear that they 
do not exert their effect through interference with the 
synthesis of the natural auxin of this tissue. 

The data further indicate that neither IPA nor 
AIPA are auxins (tables I & II). This is hardly 
surprising as there is no indication that either is made 
by these tissues under any circumstances. However, 
when these compounds were incubated with normal 
and tumor tissue in the presence of IAA, for rather 
long periods of time, the IAA was protected from 
destruction. Therefore, it seems likely that the ef- 
fect of these compounds (and particularly when used 
in combination) is to limit the activity of the [AA 
oxidase system in the two tissues. It is clear that 
there must be a rather delicate balance between the 
production and the destruction of auxin for optimal 
growth. The oxidase level of the tumor tissue seems 
to be high (4), since it is readily obtained from the 
tumor cultures. The auxin production of this tissue 
must be similarly high, since the tissue shows auton- 
omous growth in culture. Apparently adding the 
compounds (in combination) inhibits the oxidase and 
results in an overproduction of auxin by the tumor 
cells. This is particularly evident in table IV and is 
in agreement with the suggestion of Wagenknecht 
and Burris (9) that IPA may inhibit IAA oxidase in 
certain tissues. 
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Although the IAA oxidase activity of the normal 
tissue is considered doubtful (4), we have succeeded 
in obtaining the oxidase from normal tissue slices ex- 
tracted with phosphate-acid pthalate buffer. This 
preparation has low activity. Nevertheless, it seems 
permissible to suggest that the oxidase of the intact 
tissue is sufficiently high to destroy most of the 
auxin produced by the cells. In all probability, the 
auxin production is low, when compared to tumor 
cells. Adding the inhibitors to the system removes 
the oxidase and permits the normal tissue to accumu- 
Under this hypothesis, 
it would be indicated that using the inhibitors of IAA 
oxidase (IPA, AIPA, or the combination) results in 
the growth of the normal tissue without an exogenous 
auxin supply. The data even suggest that this may 
be the case for NAA. 


late its own auxin and grow. 


SUMMARY 


Cultures of Parthenocissus were grown in the 
presence of IAA and IPA and of the two aza ana- 
logues of these growth substances. The IPA and 
AIPA proved to be the most satisfactory for obtain- 
ing maximal growth, under our conditions of culture. 
It appears that these compounds exert their control of 
tissue growth by an inhibition of [AA oxidase. The 
difference in the response of the normal and tumor 
tissues to these compounds can be explained most 
simply on the assumption that the intrinsic difference 
in the auxin requirement of the two tissues results 
from a difference in the balance between the auxin 
production and destruction and not from either of 
these factors taken singly. 


Ei. 
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CRITICAL PHOSPHORUS LEVELS FOR LIMA BEAN GROWTH *? 
ALBERT ULRICH & WADE L. BERRY 


DEPARTMENT OF Sorts & PLANT NuTRITION, UNIVERSITY OF CALIFORNIA, BERKELEY 


Considerable progress in relating plant growth to 
nutrient concentrations has been achieved by analyz- 
ing specific plant parts and expressing the results on 
a dry weight basis (11). Comprehensive reviews of 
plant analysis have been prepared by Macy (7), 
Goodall and Gregory (1), Ulrich (11), and Lunde- 
gardh (6). 

Two general approaches have been adopted in 
studying the reiationship of plant growth to plant 
nutrient concentrations; one is purely physiological 
and the other empirical. The purely physiological 
approach has the greatest scientific appeal of all, but 
unfortunately the information presently available is 
not sufficient to define plant growth in precise bio- 
chemical terms. The empirical approach has the 
handicap of being based on trial and error and as a 
consequence involves much more work before a re- 
lationship of the nutrient content of the plant to 
growth can be established. A combination of these 
two approaches, namely, applying the physiological 
information now available, along with empirical 
trials, appears to be the most satisfactory method at 
the present time. 

Once the relationship between the nutrient con- 
centration of the plant and growth has been deter- 
mined, it is possible to describe the nutrient status of 
the plant in terms of growth at the time of sampling. 
Plants with nutrient concentrations that have failen 
to the point where growth is retarded (critical nu- 
trient concentration) are deficient and could grow 
better with a larger supply of the nutrient. Plants 
above the critical nutrient concentration are not 
deficient and will not respond to a larger supply of 
the nutrient as long as the concentrations remain 
above this level. 

In terms of growth the critical nutrient concen- 
tration corresponds to the nutrient concentration at 
which a decrease in growth can first be detected. 
Here the plant turns from a favorable to an unfavor- 
able nutrient status. The longer a plant is below the 
critical nutrient concentration the greater the reduc- 
tion in growth. This decrease in growth, in addition 
to being time dependent, is also a function of nutrient 
supply from soil to plant. Supplies of nutrients, in 


1 Received revised manuscript May 31, 1961. 

2 This work was supported by grants-in-aid from the 
Soil Improvement Committee, California Fertilizer As- 
sociation. 
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terms of need, may range from nearly zero for plants 
grown in nutrient solutions, or on sandy soils, t 
something less than 100 % for plants on fairly good 
soils but still deficient for maximum growth. On 
good soils the nutrient supply may almost meet the 
full requirements of the plant. 

Experimentally, the best relationship between the 
mineral content of the plant and its growth can be 
obtained when all nutrients in the culture solution are 
present in ample supply except the one under study. 
If the latter is added at the beginning of the experi- 
ment, and the solutions are not changed or renewed 
thereafter, except for additions of basic salts and 
water as needed, then the plants that receive the 
smallest amount of nutrient become deficient first. 
The plants are harvested when a third to a half be- 
come deficient and the remainder are not. The 
results for lima beans in a phosphorus series are 
reported in the present paper. 


EXPERIMENTAL PROCEDURE 


The experiments were carried out in the green- 
house with lima beans (Phaseolus limensis Macf., 
var. Fordhook Concentrated). The seeds, after treat- 
ment with the fungicides Arasan, Dieldrin, and Del- 
san, were planted Aug. 28, 1958, in vermiculite held 
in amercoated metal trays 76 X 76 X 20 cm. The 
seeds and seedlings were watered daily with half 
strength Hoagland’s nutrient solution (2). The 
cotyledons were visible 5 days later, and the 
seedlings were ready for transplanting on the 6th 
day. 

Individual seedlings were placed in one-hole corks 
and held in place with nonabsorbent cotton. Five 
seedlings were taken at random, placed in masonite 
covers, and set on pots containing 20 liters of nutrient 
solution, aerated continuously throughout the experi- 
ment. The pots were painted on the inside with 
amercoat, a nontoxic plastic lacquer, and on the out- 
side with aluminum paint. The underside of the 
masonite covers was treated with Valspar varnish 
and the upperside with aluminum paint. 

The compositions of the nutrient solutions are 
given in table I. These are essentially a modified 
Hoagland’s nutrient solution to which KH,PO, was 
added to give solutions differing in phosphate con- 
centration by a factor of 2. Nine phosphate treat- 
ments were prepared by this method, varying step- 
wise from 0.015 to 4.0 meq/] KH,PO,; in addition 


wee aes 
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there was one treatment with no added phosphate. A 
second application of salts, with the exception of po- 
tassium phosphate, was made directly to the old 
solutions 4 weeks after transplanting. The ten treat- 
ments (table I) were replicated five times and as- 
signed to the pots in the greenhouse in a randomized 
complete block design (8). 

The plants on October 8, after growing for 6 
weeks, were in full bloom and had a gradation of 
deficiency symptoms ranging from severe to none. 
At this time the plants were harvested and separated 
into 13 parts. The first separation was that of tops 
from roots, and the tops then divided into 12 parts. 
Starting from the inflorescence and proceeding down- 
ward, the first, second, and third trifoliate leaves 
were separated in that order from the main stem. 
Opposite leaves, when they occurred, were combined 
and counted as one. The internodes between the first 
and second leaf and between the second and third 
leaf were separated and called the first and second 
internode, respectively. The remainder of the top 
was considered as residue. The trifoliate leaves were 
further separated into four parts: terminal blade, 
lateral blade, petiole, and rachis. Since the rachises 
were very small, their use was impractical, and they 
were added to the residue. 

As soon as the plants in each pot were separated 
and weighed, the parts were dried at 80 C in a forced 
draft oven. The roots were washed in distilled water, 
centrifuged for 5 minutes at 39 xX g, weighed, and 
dried in the same manner as the rest of the plant. 
The dry weights were recorded after drying, and the 
plant material ground in a Wiley mill to pass a 40 
mesh sieve. The ground plant material was analyzed 
for phosphate soluble in 2 % acetic acid and for total 
phosphorus (4). The results are expressed as parts 
per million (ppm) of phosphorus on the dry basis. 


EXPERIMENTAL RESULTS 


All plants, except those without phosphate addi- 
tion, grew exceedingly well at first and continued to 
do so until the supply of phosphorus was depleted. 
At the onset of deficiency the plants grew very slowly 
but otherwise appeared normal. As the deficiency 


became still more intense, there were still no specific 
symptoms other than an overall dwarfism of the 
plants. Only by a direct comparison of deficient and 
nondeficient plants was the general reduction in 
growth, smaller leaf size, and darker green color of 
the leaf blades noticeable. The roots of the low 
phosphorus plants were comparatively longer and had 
less branching than those of the high phosphorus 
plants. 

The dry weights of the tops are given in table II 
for the ten phosphorus treatments. A separate statis- 
tical analysis of the values for two adjacent treat- 
ments indicates that all phosphorus additions from 
1/128 through 1/8 produced significant increases in 
weight over the preceding treatment. An analysis of 
variance of the weights relative to treatment and 
greenhouse position indicated that there was a highly 


TABLE II 


EFFect oF PHosPHORUS SUPPLY ON Dry WEIGHT OF 
Tors & Roots ror Lima BEAN PLANTS 
6 Weeks OLpD AT HARVEST* 








PHOSPHORUS/ 








PHOSPHORUS Tors Roots 
LEVEL** pes nage! Dry wt g Dry wT g 
0 0 19.9 27 
1/128 0.06 25.0 3.5 
1/64 0.12 Su5 4.0 
1/32 0.25 41.0 4.7 
1/16 0.5 53.3 5.8° 
1/8 1.0 62.4 5.1 
1/4 2.0 62.1 4.3 
1/2 4.0 70.0 52 
1 8.0 70.5 5.6 
Z 16.0 78.6 52 
F-Value*** a 23 4.5 
C.VF rae 17.7 22.4 





* All weights are means of five replications. 

** Expressed in terms of Hoagland’s nutrient solution ; 
2 milligram atoms (62 ppm) of phosphorus per liter (2). 

*** Required F-values are 2.12 and 2.88 for the 5% 
and 1 % levels, respectively. 

+ Coefficient of variability. 


TABLE I 


CHEMICAL COMPOSITION OF NUTRIENT SOLUTIONS 








KH,PO, Appitions* 





**P-level 0 1/128 1/64 1/32 1/16 
0.015 0.031 0.062 0.125 


meq/1 0 
mg at P/plant 0 0.062 0.125 0.25 0.5 


1/8 1/4 1/2 1 2 
0.25 0.5 1.0 2.0 4.0 
1.0 2.0 4.0 8.0 16.0 





* These were added to a basic solution containing 8 meq NO+,; 5 meq Cat+; 4 meq Kt; 3 meq SO*,; 
2 meq Mgt+; 1.0 meq Nat; 0.5 meq Cl~, and 0.5 meq SiO*, per liter and 2.5 ppm Fe [as ferric potassium ethylene 
diamine tetraacetate complex (3)], 0.25 ppm B; 0.25 ppm Mn; 0.02 ppm Zn; 0.01 ppm Cu, and 0.005 ppm Mo. 

** The P-levels are in terms of Hoagland’s nutrient solution (2), modified to include chlorine, silicon, sodium, 


iron EDTA, and 2 milligram atoms (62 ppm) of phosphorus per liter. 
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TABLE III 


EFFECT OF PHOSPHORUS SUPPLY ON ACETIC ACID SOLUBLE PHOSPHORUS 
CONCENTRATIONS OF MATERIAL From Lima BEAN PLANTS* 








So.uste PO,-P ppm 





PHOSPHORUS 


F 


| 
— tet et 
| 


ee a 


LEVEL** 


/128 


64 
32 


VS 


16 


no + 


-Value*** 


C.V.+ 
Est. C.L.t 








860 


TERMINAL BLADES LATERAL BLADES 
lst 2ND 3RD lst 2ND 3RD 1st 
LEAF LEAF LEAF LEAF LEAF LEAF LEAF 
740 630 570 740 620 600 496 
630 600 560 630 600 560 321 
660 590 550 660 610 580 408 
670 600 530 700 580 610 357 
710 640 610 700 670 630 404 
820 790 750 860 810 770 520 
1,170 1,240 2,050 1,290 1,390 2,250 760 
1,690 3,010 4,390 1,760 3,100 4,780 3,090 
2,860 3,690 5,280 3,130 3,960 5,720 4,880 
2,830 2,950 2,880 3,040 3,250 3,190 5,270 
29 33 86 54 49 64 164 
28.7 32.4 23.7 21.9 27.9 27.7 21.0 
950 800 1,040 930 790 530 





PETIOLES 


2ND 
LEAF 


373 


330 
308 
330 
367 


460 
780 
3,590 
4,860 
5,230 
265 
17.0 
500 





432 
1,000 
3,410 
5,360 
6,400 


327 
16.0 
540 


INTERNODES 








2ND 


“Ist 
325 247 
306 237 
298 226 
287 229 
330 275 
412 426 
1,190 850 
3,800 3,530 
4,340 4,340 
4,490 4,670 
430 301 
12.6 15.6 


500 


440 


* All phosphorus values are means of five replications and are expressed in ppm of dry plant material. 


** Expressed in terms of Hoagland’s nutrient solution; 2 milligram atoms (62 ppm) of phosphorus per liter (2). 


*** Required F-values are 2.12 and 2.88 for the 5% and 1 % levels, respectively. 
+ Coefficient of variability. 


t Critical levels were estimated from the curves at the point of 10% 


EFFECT OF 


TABL 


PuHosPHORUS SUPPLY ON 
OF MATERIAL From Lima BEAN PLANTS* 


E IV 


ToTaL PHOSPHORUS 


reduction of maximum yield. 


CONCENTRATIONS 








PHOSPHORUS 
LEVEL** 


0 
1/128 
1/64 
1/32 
1/16 


No + CO 


oe ae a as 


F-Value*** 
C.V.+ 
net, € 


lst 
LEAF 
780 
760 
790 
790 
800 
1,090 
1,700 
2,480 
3,610 
4,060 


114 
15.6 
1,280 


Total P ppm 





LATERAL BLADES 








2ND 3RD [st 2ND 
LEAF LEAF LEAF LEAF 
740 670 610 431 
710 610 510 387 
700 630 500 385 
690 620 486 359 
760 700 530 408 
1,050 960 720 518 
1,950 2,750 1,230 1,020 
4,080 5,430 3,330 3,990 
4,720 6,310 5,100 5,210 
4,200 3,890 5,610 5,410 
106 102 200 250 
18.7 21.7 17.3 17.0 
1,040 1,030 690 570 


PETIOLES 


3RD 
LEAF 
433 
416 
409 
390 
456 
570 
1,270 
3,740 
5,610 
6,490 


327 
14.3 
590 


INTERNODES 


Ist 
530 
477 
464 
493 
560 


710 
1,570 
4,470 
5,070 
5,040 

395 

11.9 

800 





* For footnotes see table 3. 


2ND 


355 
335 
397 
458 


660 


384 








o 9Q 


DRY WEIGHT TOPS 


DRY WEIGHT TOPS 
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significant effect of the phosphorus treatments and 
no significant effect of greenhouse position. 

The phosphate concentrations of the plant parts 
sampled are given in tables III and IV for each treat- 
ment. From the table it can be seen that there is a 
variation in phosphate-phosphorus concentration for 
different parts of the same leaf. Identical parts of 
different physiological age also vary in phosphate- 
phosphorus concentration. The young leaves have 
the highest concentration under deficient conditions 
and the old leaves the highest when there is an 
abundance of phosphorus. <A further examination of 
tables III and IV shows that the material sampled 
relative to phosphorus content can be subdivided into 
two groups, blade tissue (terminal & lateral blades) 
and conductive tissue (petioles & internodes). The 
close association of phosphorus in blade tissues of the 
same leaf can be seen in a comparison of soluble 
phosphorus values for the terminal and lateral blades 
of the second leaf. Here the regression coefficient b 
is 0.930 and the correlation coefficient r is 0.990 
(regression equation y = 24 + 0.930x). Similarly, 
a close association of conductive tissues is indicated 


ams t + t r T T T T T 


by the results obtained for the second internode and 
second petiole, where b is 0.911 and r is 0.992 (regres- 
sion equation y = 17 + 0.911). This separation 
of blades and conductive tissues into two groups is 
also shown in the schematic diagram of the nutrient 
curves in figure 6 and in a smaller regression coef- 
ficient, b equals 0.627 and correlation coefficient r 
equals 0.925 (regression equation, y = 536 + 
0.627) for a comparison of soluble phosphorus 
values in petioles and lateral blades of the second leaf. 

Blade tissues have a relatively high minimum 
phosphate concentration under deficiency conditions 
(P level less than %, tables III & IV), in com- 
parison with conductive tissues (petioles & inter- 
nodes). However, immediately upon entry into the 
zone of adequacy—a zone of increasing phosphorus 
concentration and constant weight—the phosphate- 
phosphorus concentrations increase more rapidly in 
the petioles than in the blades. The ratio of phos- 
phate-phosphorus concentration of blades to conduc- 
tive tissues is reversed as the conductive tissues as- 
sume higher phosphate concentrations under high 
phosphate treatments. In all instances the range of 
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Fic. 1 (upper left). 


Relationship of dry -weight of tops to acid soluble phosphorus-in petioles of the second leaf. 


The critical concentration for top growth (about 10 % reduction ingrowth) is approximately 500 ppm of acid soluble 


phosphorus in the dry tissue. 
as KH,PO,. 

Fic. 2 (upper right). 
second leaf. 
dry tissue. 


The numbers in figures 1 through 4 refer to mg atoms of phosphorus added per plant 


Relationship of dry weight of tops to acid soluble phosphorus in lateral blades of the 
The critical concentration for top growth is approximately 930 ppm of acid soluble phosphorus in the 


Fic. 3 (lower left). Relationship of dry weight of tops to acid soluble phosphorus in second internode. The 
critical concentration for top growth is approximately 440 ppm of acid soluble phosphorus in the dry tissue. 


Fic. 4 (lower right). 


Relationship of dry weight of tops to total phosphorus in petiole of second leaf. The 
critical concentration for top growth is approximately 570 ppm total phosphorus in the dry tissue. 
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phosphate-phosphorus concentrations of conductive 
tissues exceeds those of blades. Within the conduct- 
ing tissues, the range of values for petioles exceeds 
those of internodes, and for all tissues the range in- 
creases with physiological age. 

By plotting the phosphorus concentration of a tis- 
sue against the dry weight of tops, the critical nu- 
trient concentration may be estimated. Figure 1 
gives a plotting of the acetic acid soluble phosphate- 
phosphorus values for the petioles of the second leaf; 
figure 2, the corresponding lateral blades, and figure 
3, the internode between leaf two and three. Figures 
4 and 5 give a plotting of the total phosphorus values 
for the petioles and lateral blades, respectively, of the 
second leaf. Figure 6 gives a schematic plotting of 
the dry weights of the tops and the soluble and total 
phosphorus concentrations of the petioles and lateral 
blades of the second leaf. Figure 7 gives the nu- 
trient curves in a schematic manner for acetic acid 
soluble phosphate-phosphorus in petioles and lateral 
blades of leaves one, two, and three. 

The curves in Figure 7 for the petioles are char- 
acteristic of the conductive tissues. These have a 
narrow transition zone and a low level of phosphate- 
phosphorus concentration in the zone of deficiency. 
The curves for the lateral blades are characteristic of 
photosynthetic tissues and these have a broad transi- 
tion zone and a relatively high phosphate-phosphorus 
concentration in the deficiency zone. From the nu- 
trient curves as given in figures 1, 2,3,4, and 5 and 
from others not shown here, the critical phosphorus 
level for each part sampled was estimated and record- 
ed in tables III and IV. 

F values presented in tables II, III, and IV, are 
treatment to error variance ratios. These were ob- 
tained from an analysis of variance of the results for 
dry weight and for phosphorus concentrations of each 
plant part in a two way classification (8), with block 
variance included as error. The F values of the con- 
ductive tissues for treatment are all higher than those 
of blades. 


TABLE V 


CoRRELATION COEFFICIENTS (r) & REGRESSION EQUATIONS 
For Actp SoLuBLE (y) & ToTAL 
PHosPHorRUS (x) VALUES 











PLANT PART CORRELATION eee 
Petia COEFFICIENT (y=a-+-bx) 
Lateral blade 
lst Leaf 0.970 51 + 0.769x 
2nd Leaf 0.987 —6 + 0.800x 
3rd Leaf 0.994 —39 + 0.889x 
Petiole 
lst Leaf 0.997 —160 + 0.975x 
2nd Leaf 0.996 —110 + 0.947x 
3rd Leaf 0.998 —191 + 0.986x 
Internode 
Ist 0.997 —160 + 0.896x 
2nd 0.997 —150 + 0.901x 





Total phosphorus analyses were made on later:| 
blades, petioles, and internodes. Contrary to finding s 
with ladino clover (9) and sugar beets (Ulrich, A, 
unpublished data) the total phosphorus values jor 
lima beans were only slightly higher than the cor- 
responding acetic acid soluble phosphate-phosphoru 
values (tables III & IV). Apparently, in compari- 
son with other plants studied thus far, lima beans con- 
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Fic. 5 (top). Relationship of dry weight of tops to 
total phosphorus in lateral blades of the second leaf. The 
critical concentration for top growth (about 10 % reduc- 
tion in growth) is approximately 1,040 ppm total phos- 
phorus in the dry tissue. The numbers in the graph refer 
to mg atoms of phosphorus added per plant as KH,PO,. 

Fic. 6 (middle). Relationship of dry weight of tops 
to acetic acid soluble and total phosphorus in petioles and 
lateral blades of the second leaf shown schematically. 

Fic. 7 (bottom). Relationship of dry weight of tops 
to acetic acid soluble phosphorus of petioles and lateral 
blades of the first three leaves shown schematically. 
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tain relatively more soluble inorganic phosphorus or 
inore organic phosphorus, which upon drying is con- 
verted to soluble inorganic phosphorus. 

The plant nutrient curves for the two phosphorus 
components, acid soluble or total, closely parallel each 
other (fig 6). From figure 6 and tables III, IV, 
and V, it is evident that either an acid soluble or total 
phosphorus analysis would serve as a basis for an 
estimation of the phosphorus status of the lima bean 
plant. Since the method for acetic acid soluble phos- 
phorus is very fast and accurate, this method is prefer- 
able to a total phosphorus analysis. 


DISCUSSION 


Physiological considerations indicate that the 
relative and absolute amount of each phosphorus frac- 
tion will vary with the environment and age of the 
plant. Also, different parts of a plant will reflect 
the phosphorus status of the plant to different degrees. 
Any combination of phosphorus fraction determined 
and plant part selected for analysis will show a paral- 
lelism in phosphorus concentration in spite of the 
variations in environment and changes in age of the 
plant. In the present study two phosphorus fractions 
were arbitrarily selected for analysis and different 
plant parts were compared in order to find a suitable 
technique for appraising the phosphorus status of the 
lima bean plant. 

The selection of the best plant part, which will 
serve as an indicator of the plant’s over-all phos- 
phorus status, is based upon experience and judg- 
ment, and at times may be decided quite arbitrarily. 
The plant part selected, however, should have the fol- 
lowing characteristics in order that it might serve 
as a reliable indicator of the nutrient status of the 
plant at the time of sampling: A: it should be com- 
parable for all plants at all sampling dates, B: it 
must have a relatively sharp transition zone from 
deficiency to adequacy, C: it should have a broad 
range in concentration between deficiency and 
abundance, D: it should have a relatively constant 
critical concentration, and E: it should be relatively 
easy to sample. 

Seasonal variations in the nutrition of plants have 
been frequently observed for leaves changing in phys- 
iological age (5) and for leaves of the same phys- 
iological age (10,12). Leaves increasing in age 
tend to reflect primarily the age characteristics of an 
individual leaf whereas leaves of the same physio- 
logical age when taken appropriately tend to reflect 
primarily the changing nutrient status of the plant, 
as influenced by the balance between nutrient supplies 
from the soil and the nutrient requirements for 
growth by the plant. By selecting leaves of ap- 
proximately the same physiological age at all sam- 
pling dates it becomes possible to observe seasonal 
effects on plant nutrition largely independent of leaf 
age. For the lima bean plant selecting parts at spe- 
cific points from the apex downward should give 
material of comparable physiological age. In the 





present study only the leaves from the main stem 
were used, although leaves from well developed axil- 
laries should serve as well. Of the three leaves com- 
pared, the first, second, and third leaf down from the 
apex, the first leaf might not give material of com- 
parable physiological age in all plants. For example, 
if the plant has advanced into inflorescence, it is quite 
possible to have the first leaf relatively mature, but 
if the apical meristem is still in the vegetative stage, 
the first leaf will be in an expanding stage and there- 
fore relatively immature. 

In figure 7 there are two distinct groups of curves: 
one is composed of conductive tissues, and the other 
of blade tissues. The groups are distinguished by a 
difference in the phosphate-phosphorus concentration 
in the zone of deficiency and by the breadth of the 
transition zone. The conductive tissues (figs 7, 3, & 
1) all have a comparatively sharp transition zone. 
Therefore, any one of the conductive tissues would 
fulfill the criteria for a sharp transition zone. Along 
with this sharpness of the transition zone, it is also 
desirable to have the range of phosphate-phosphorus 
concentration between deficiency and adequacy as 
large as possible if we are to detect a difference 
readily. The range of phosphorus concentration of 
the conductive tissues exceeds that of the blade tissues 
and again the conductive tissues meet our require- 
ments more fully than the blades. Of these, the third 
petiole has the greatest range and the first internode 
about the least. The F values in tables II, III, and 
IV, (a combined measure of the magnitude of the 
differences between treatments & the error within 
treatments) along with the coefficient of variability 
(C.V.) also indicate that the conductive tissues would 
be the most desirable tissue for analysis. 

The fourth criterion, the constancy of the critical 
nutrient concentration, remains to be determined 
from more greenhouse experiments conducted for sev- 
eral seasons, although within the present experiment 
the results for the petioles and blades as groups ap- 
pear relatively constant. 

The fifth criterion for selecting the indicator part 
of the plant concerns the relative ease of sampling. 
In lima beans the first two leaves down from the 
apical meristem are relatively easy to recognize and 
sample. The third leaf is more difficult. The sam- 
pling of the internodes is still more difficult and is 
detrimental to the plant as well. Therefore, from the 
standpoint of ease of sampling, it is preferable to use 
the first or second trifoliate leaf down the main stem. 

As previously indicated, the blades are less desir- 
able as the indicator part of the plant to sample due to 
the smaller range of phosphate-phosphorus concen- 
tration and the broader transition zone. The in- 
dicator part of the plant should, therefore, be selected 
from one of the conductive tissues. The first petiole 
was eliminated since it might not be of comparable 
physiological age on all plants. With regard to 
sharpness of transition zone and range of phosphate- 
phosphorus concentration, there was little choice 
among the conductive tissues. Greater difficulty of 
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sampling eliminates the internodes and third petiole. 
Therefore, the second petiole is preferred to the other 
tissues because of the ease of sampling, the wide range 
of phosphate-phosphorus concentration, and the rela- 
tively narrow range of the transition zone. 

In figure 1 the concentration of phosphate-phos- 
phorus expressed in parts per million of phosphorus 
on the dry basis in the second petiole is plotted against 
the yield of tops in grams dry weight. A value of 
500 ppm is estimated as the critical level for phos- 
phorus from these data. The interpretation of the 
curve in terms of phosphorus response indicates that 
the probability of a response would be relatively high 
in any plant with PO,-P values of 500 ppm phos- 
phate-phosphorus or less. If the plants range be- 
tween 500 and 1,000 ppm, a response from a phos- 
phorus treatment would be less likely to occur. The 
probability of a response would be relatively small 
with a phosphate-phosphorus concentration of 1,000 
ppm or more. For plants below 500 ppm the response 
to phosphorus fertilization will be greater the longer 
comparable plants remain below this value. 


SUMMARY 


Lima beans were grown in culture solutions with 
ten phosphorus treatments ranging from zero to ad- 
equate amounts of phosphorus for full growth. Six 
weeks after transplanting six-day old seedlings, the 
plants were in full bloom. The plants were har- 
vested and separated into 13 parts for chemical 
analysis. All stages of deficiency symptoms were ob- 
served at harvest; these ranged from small plants 
with small green leaves to large plants with large 
leaves and no deficiency symptoms. Dry weights of 
tops were plotted against acid soluble and total phos- 
phorus values to give plant nutrient calibration 
curves. On the basis of the plant nutrient curves, 
ease of sampling, wide range of phosphorus concen- 
tration, sharp transition zone, and other physiological 
considerations, the petiole from the second leaf, i.e. 
recently matured leaf, was selected as the plant part 
to sample and the acetic acid soluble phosphate as the 
form of phosphorus to determine. On this basis a 


critical value of 500 ppm of acetic acid soluble phos- 


phorus (dry basis) was tentatively set for the secon 
leaf petiole as being indicative of a phosphorus defi 
ciency in lima bean plants. The corresponding valu 
for total phosphorus was set at 570 ppm. 
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NEGATIVE TRANSPORT & RESISTANCE TO WATER FLOW THROUGH PLANTS?” ? 





R. DUANE JENSEN, STERLING A. TAYLOR, & H. H. WIEBE?® 


Utran AGRICULTURAL EXPERIMENT STATION, LOGAN 


INTRODUCTION 


Negative transport is the downward conduction 
of water in the plant. This phenomenon has been 
studied by several investigators, yet considerable con- 
troversy about several aspects of the problem still 
exists. 

The portion of the leaf through which water en- 
ters is obscure. Meidner (16) suggested that spe- 
cialized epidermal cells of the plant, Chaetachme 
aristata were involved in the phenomenon. Gessner 
(8) decided that most of the water was absorbed 
directly through the cuticle. Most investigators (4, 
23) have considered that no water enters through the 
stomates (except perhaps a small amount of water 
vapor ). 

Breazeale, McGeorge, and Breazeale (2,3) in- 
vestigated the absorption of water by leaves and its 
subsequent transport through the plant to the soil 
surrounding the roots. They concluded that tomato 
plants could grow to maturity, flower, and set fruit 
with no other source of water than that absorbed 
through the leaves from an atmosphere of 100% 
humidity. They demonstrated that tomato plants 
can absorb water from a saturated atmosphere, trans- 
port it to the roots, and build up the soil moisture to 
or above the field capacity. Other investigators re- 
peated the experiments of Breazeale but could get no 
evidence of actual water secretion by roots (9, 10, 25). 
Stone, Shachori, and Stanley (22) concluded that 
negative transport occurs only when the tempera- 
ture is allowed to fluctuate and is caused by vapor 
pressure gradients and not by any active secretive 
force within the plant itself. Slatyer (20,21), who 
reviewed these studies, stated that the main reason 
for lack of transport into soil is lack of an adequate 
gradient. 

The movement of water in plants has been studied 
from two different approaches : 
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I. Some investigators have considered the entire 
soil-plant-atmosphere system (1,6, 19,24). They 
applied an analogue of Ohm’s law and showed that 
water transport is controlled by the potential dif- 
ference across the section and the resistance within 
the segment. This theory also proposes the im- 
portant consideration that the rate of movement is 
governed by the point or region of greatest resistance 
in the system. Those who have studied this theory 
agree that the greatest resistance under natural con- 
ditions is usually located at the leaf-atmosphere inter- 
face where the water is converted from liquid to 
vapor. Most of these studies seem to be based more 
upon theoretical arguments than direct experimental 
results. 

II. Other scientists have investigated the move- 
ment of water in plants by studying some particular 
part of the system, such as the flow of water in the 
roots, leaves, or stem. Resistance to water flow in 
the conducting tissue of the stem is generally con- 
sidered to be small as compared to other parts of the 
plant (5,13,15,17). Some researchers have found 
the resistance in the roots is much larger than in the 
stems (12,13,14). Others have observed that the 
resistance in leaves is larger than in stems and roots 
(26). The resistance in the vascular elements can 
become larger when very small diameters are en- 
countered (7,27). It has also been indicated that 
the resistance to water flow is uniform through the 
cell walls, membranes, and vacuoles of plant tissues 
(1,19). The experimental evidence to support these 
concepts is meager and inconclusive. 

Experimental measurements of the relative magni- 
tude of the resistance of the stem, leaves, and roots 
to water flow in the absence of a water phase change 
have been made. This gives evidence of the relative 
contribution of the several plant parts to water flow 
resistance without the complicating factor of vapor- 
ization. Once this contribution to water flow resist- 
ance is known then studies can be made to combine 
the vaporization and vapor diffusion resistance as 
well as the soil resistance to water flow to the ab- 
sorbing root surface. These experiments have also 
produced some information about negative transport. 


MATERIALS & METHODS 


A schematical drawing of the apparatus is shown 
in figure 1. The apparatus consisted of two cylin- 
drical lucite chambers ( A & B) each 12 inches long 
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Fic. 1. Suction apparatus for measurement of water 
flow through plants. 
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and 5 inches in diameter. A removable lucite parti- 
tion (C) containing a 2-inch diameter hole was placed 
between the two chambers. Calibrated capillary 
tubes (1 mm diameter) (E & E’), 100 cm long, 
were fastened to the ends of the cylindrical chambers. 
Mercury manometers (D & D’) constructed from 1 
cm diameter glass tubing, were joined to the capillary 
tubes. The apparatus was suspended in a constant 
temperature water bath after the plants were properly 
placed in the chambers. The temperature could be 
quickly changed and maintained at any desired value. 
A coil of % inch copper tubing was placed inside 
each chamber through which the bath water was cir- 
culated, thus reducing the temperature lag inside the 
chambers. Tomato (Lycopersicon esculentum Mill.) 
and sunflower (Helianthus annuus L.) plants, grown 
in Hoagland and Arnon’s number two nutrient solu- 
tion (11) until.they were between 10 and 14 inches 
high, were used for the experiment. The plant stem 
was placed through the hole of the partition (C) and 
sealed with Armstrong’s Adhesive A-1 (Armstrong 
Products Co., Warsaw, Ind.) a short distance above 
the roots. When the adhesive had hardened suffi- 
ciently, the partition was placed between the chambers 
so that the roots protruded into one chamber and the 
leaves into the other. The chambers were then bolt- 
ed together and filled with air-free distilled water to 
give a continuous water system from each chamber 
through the capillary tubes to the mercury columns 
of the manometers. At the beginning of each run, 
suctions of equal magnitude were applied to both 
chambers simultaneously to remove the air from the 
plant tissue. Preliminary studies showed that unless 
this air was removed, the water measurements were 
jumpy and unpredictable. 


The amount of water flowing through the plant 
was determined by the movement of mercury droplets 
in the water filled capillary tubes. To make sure 
that water was moving from the one chamber 
through the plant into the other chamber, the mercury 
droplets had to show movements in both tubes befcre 
the flow was recorded. The system was designed so 
that the roots or leaves or both, could be cut from 
the plant with a razor blade through the stopper fill- 
ed openings (H, H’, H”, & H”) in the cylinders 
without removing the plant. This made it possible 
to see how the rate of water flow differed when either 
the roots or leaves or both were removed. The 
leaves were severed at the point where they joined 
the petioles; the roots were cut off just above the up- 
per roots. All experiments were performed with the 
entire system below atmospheric pressure, conse- 
quently the term suction is used rather than pressure. 
Suction differences of 15, 25, 35, and 45 cm of 
mercury and 20 C were used. 

The apparatus was tested by sealing a glass rod 
in place of the plant stem, the system was then placed 
under suction to be sure that there were no leaks in 
the system. With no leaks in the system any trans- 
fer of water from one chamber to the other would be 
through the plant. 


Resutts & Discussion 


Water flowed equally well through plants in both 
the normal and negative directions. This observa- 
tion was further confirmed by the use of dyes. A 
water solution of Red Shilling U.S. Certified Food 
Color (McCormick & Co., Inc., Baltimore Md.) was 
used. The color solution was tested to see that it did 
not move through the plant tissue to any considerable 
extent unless it moved with the water when a proper 
gradient was established, (table 1). With both sun- 
flower and tomato leaves the food color solution 
streamed from the leaf veins which extended to the 
leaf edge. The coloring appeared as small streams or 
rivers flowing into the water filled cylinders. The 
solution apparently was escaping through the hyda- 
thodes of the leaves. In not a single instance was the 
solution observed to escape from any other part of the 
tissue. When the flow was in the negative direction, 
the solution escaped near the tips of the roots much 
the same as described for the leaves, except that the 
dye streams were considerably smaller. 





Fic. 2. The relationship between the quantity of water flowing through plant tissue and time at a series of suction 
differences for a whole sunflower plant No. S-14. 
Fic. 3. The relationship between the quantity of water flowing through plant tissue and time at a series of suction 
differences for sunflower stem plus leaves No. S—14. 
Fic. 4. The relationship between the quantity of water flowing through plant tissue and time at a series of suction 
differences for sunflower stem No. S-14. 
Fic. 5. The water flux as a function of the suction difference for sunflower tissues at 20 C. 
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TABLE I 


Time REQUIRED FOR Foop Cotor So_utTions To Move THrouGH PLANT Tissues IN NorMAL & 
NEGATIVE DIRECTIONS UNDER DIFFERENT SUCTION DIFFERENCES 




















SUNFLOWER ToMATO 
Peas DIRECTION - T Se ee ——— 
“Al OF SUCTION ISSUE SuctTIon ISSUE : 
si FLOW DIFFERENCE LENGTH Pain DIFFERENCE LENGTH Pe 
(cm Hg) (cm) (cm Hg) (cm) — 
5c Nor. 47 6.6 46 i 5.6 
Whole 
Neg. 50 6.0 52 sits 48 
Stem Nor. 46 16 3.8 
& 
& 
Roots Neg. 54 13 3.4 46 16 3.4 
Stem Nor. 49 20 2.8 50 15 1.9 
& 
Leaves Neg. 47 21 3.2 
Nor. 54 26 0.3 42 20 0.3 
Stem 
Neg. 45 21 0.4 43 15 0.25 





No reports from the literature have been found 
that mention the possibility of the hydathodes func- 
tioning in the movement of water into and out of the 
leaf except in the process of guttation. It has also 
been observed that the drops of guttation water are 
sometimes reabsorbed through these pores (18). 
This evidence, coupled with the observation that the 
water moved into and through the hydathodes of the 
leaf equally well in both the normal and negative 
directions, indicates that these pores might be in- 
volved in water absorption through the leaf. 

The resistance to water movement in the various 
tissues was calculated by A. directly measuring the 
water flow as a function of time at a series of suc- 
tion differences; B. evaluating the slope of the plot 
water flow versus time to obtain the flux; C. obtain- 
ing the apparent conductivity from an evaluation of 
the slope of the graph water flux versus the suction 
difference, and D. applying the fact that resistance 
and conductivity are reciprocals. 

The plot of amount of water moved through the 
plant versus time for the several plant tissues at a 
series of suction differences shows a linear relation- 
ship (typical examples in figs 2,3, & 4). The water 
flux versus the suction difference relationships also 
are linear, (typical samples of plots in fig 5). 

The resistance to water flow was 67 % greater in 
whole sunflower plants than in tomatoes when no 
water phase change was involved. The resistance to 
fluid transfer was 66% greater in sunflower roots 
and 92% greater in tomato roots than in leaves of 
the respective species. The resistance in the stem 
plus leaves, stem plus roots, and the whole sunflower 
plant was 101, 234, and 438 % larger than the stem 
resistance. The same comparisons with the tomato 
plant yielded percentages of 75, 238, and 483, thus 
confirming that the conducting vessels of the stem of- 
fer little resistance to water transfer. The rate of 
liquid water movement through the leaves is consider- 


ably faster than through the roots. The differences 
between the magnitudes of the resistances in the vari- 
ous sunflower tissues and the tomato tissues may 
have resulted from the difference in the age and size 
of the plants and the structural differences in the 
conducting tissue of the two plant species. 

The sum of the resistances for the stem, leaves, 
and roots does not equal the resistance obtained for 
the whole plant. The total of the resistances of the 
several parts is somewhat smaller. It was impos- 
sible to obtain measurements on the leaves or roots 
alone. The plant stem was included and had to be 
subtracted to obtain the resistance in the roots or 
leaves. If there was an error which increased the 
stem resistance, the error would have a double ef- 
fect. The stem resistance could easily have been in- 
creased if some of the vessel elements were crushed or 
plugged when the roots and leaves were cut from the 
stem. 

The resistance in a system is usually proportional 
to the length of the conductor and inversely propor- 
tional to its cross section. This raises the logical 
question: Is the resistance in plant tissue the same 
per unit length of tissue? If so, the larger resist- 
ances in the leaves and roots could be caused by the 
longer channels involved in these tissues. Even 
though the length and cross section of the conduct- 
ing tissues could not be determined, the resistance 
per unit of root and leaf tissue was calculated from 
the root volume and leaf surface area measurements 
that were obtained from the plants used. The resist- 
ance was 0.14 millibar seconds per gram of water 
per cubic centimeter of sunflower leaf tissue. The 
values were 0.075 and 0.0011 for tomato roots and 
leaves, respectively. These results confirm that the 
resistance per unit is greater for root than for leaf 
tissue. No phase change was involved in water 
movement out of the leaf. Any phase change would 
undoubtedly decrease the flow rate considerably. 
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TABLE II 
AVERAGE CONDUCTANCE & RESISTANCE IN VARIOUS PLANT TISSUES 
CoNDUCTANCE RESISTANCE 
PLANT PART cm? H,O 10 (cm Hg) (min) (mb) (sec)# 
pene Sas ae, cto sis Sa ae bi A 
(cm Hg) (min) cm? H,O g H,O 
Sunflower plant 
Whole plant §.2=-0:2 1,928 2.4 
Stem & roots 8.4+0.3 1,195 iS 
Stem & leaves 14.0+0.3 719 0.88 
Stem 28.10.4 358 0.44 
Tomato plant 

Whole plant 8.7+0.3 1,150 1.4 
Stem & roots 15.1+0.3 666 0.81 
Stem & leaves 29.0+0.3 345 0.42 
Stem 51.2+0.3 197 0.24 








‘mb represents millibar. 


In moving from the root surface to the xylem, 
water must traverse the protoplasm or move along 
the walls of the several layers of cells comprising the 
epidermis, cortex, endodermis, and pericycle. It is 
likely that these tissues account for most of the resist- 
ance in the root, and that the resistance per unit 
length along the xylem of the roots is no greater than 
the resistance in the xylem of stems or leaves. In 
the leaves the water moved out through the hyda- 
thodes, in which the cells are loosely arranged, and 
which apparently presented much less resistance than 
the root tissues. 

Water transfer through the roots and leaves was 
further studied by altering the experimental ap- 
paratus so that the roots, a small section of the stem, 
and the leaves of intact plants were sealed in separate 
adjoining chambers. To measure the water flow, a 
mercury manometer was fastened to the central 
chamber, and the plant stem in this chamber was 
severed. The amount of water moving into and 
through the roots was measured with the capillary 
tube fastened to the root chamber. The other capil- 
lary tube showed the water flow through the leaf tis- 
sue. This system provided a method of measuring 


TABLE III 


AVERAGE WATER FLUX4 THROUGH SUNFLOWER & ToMATO 
Roots & LEAVES AT SucTION DIFFERENCES OF 25 & 35 
CENTIMETERS OF MERCURY 














PLANT SUNFLOWER ToMATO 

TISSUE 25 cm Hg 35 cm Hg 25 cm Hg 35 cm Hg 
Leaves 0.0222 0.0340 0.0302 0.0466 
Roots 0.0134 0.0207 0.0181 0.0271 
% Greater 64 65 64 69 


in leaves 





&cm3/min. 


the movement of water through the roots and leaves 
of the same plant, at the same time, and under identi- 
cal conditions. This appeared to be the best method 
of comparing the rate of water movement in the 
leaves with the flow in the roots. 

The average water flow per minute (the slope of 
the plot water flow versus time) through the roots 
and leaves of each plant are recorded in table ITI. 
The movement of water through the sunflower leaves 
was 64 and 65 % greater than in the roots for suction 
differences of 25 and 35 cm of mercury, respectively. 
The same comparisons with tomato plants yielded 
percentage values of 63 and 69. Thus, the flow of 
water was always considerably greater through the 
leaves than through the roots of both sunflower and 
tomato plants. These results confirm the conclusion 
that the resistance to water movement in the roots is 
considerably larger than that in the leaf tissue. 


SuMMARY & CONCLUSIONS 


Experiments, conducted under conditions which 
eliminated the leaf-atmosphere interface and_ sub- 
stituted a leaf-water interface, confirmed that water 
can move into and through plants equally well in both 
the normal and negative directions when the proper 
gradient is established. Water flows through the 
aerial parts of the plant more easily than through the 
root tissue and appears to escape through hydathodes 
of the leaves. This might explain the lower resist- 
ance observed in the leaf tissue since the water needs 
to pass through only a few layers of loosely arranged 
cells in order to escape from the leaf. On entering 
the root, in comparison, the water probably encounters 
most of the resistance on traversing the epidermis, 
cortex, endodermis, and pericycle before reaching the 
xylem. The greatest resistance was found in the 
roots, followed by the leaves, with resistance to water 
flow very much lower in the stem. 
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EFFECT OF TEMPERATURE ON WATER TRANSPORT THROUGH PLANTS *” 





R. DUANE JENSEN & STERLING A. TAYLOR ? 
UtTaH AGRICULTURAL EXPERIMENT STATION, LOGAN 


INTRODUCTION 


Low temperatures cause a decrease in the absorp- 
tion and movement of water in plants (1, 2, 3,9, 10). 
This reduction is less in species native to cool en- 
vironments than in species which normally grow in 
warm ones (10). This has been attributed to the 
combined effects of decreased permeability of the root 
membranes and the increased viscosity of the water. 
Kramer (9) observed that water flow through root 
systems increased as temperature was increased to 
35 C, the highest temperature studied. 

Application of kinetic theory to similar biological 
systems has been made with success (8). This ap- 
proach can reveal much concerning factors that limit 
the rate of biological processes that are not now well 
known. 


MatTerRIALs & METHODS 


The procedure was to measure the amount of 
water flowing through various plant tissues subjected 
to given hydraulic pressure differences at different 
temperatures. These measurements were obtained by 
A, placing the plants in a special water-filled system 
which sealed the roots and leaves in separate adjoin- 
ing chambers, B, applying a mechanical pressure 
(suction) difference to the system, and C, measuring 
the amount of water that flowed from one chamber 
through the plant to the other chamber by means of 
the movement of a mercury droplet in calibrated 
horizontal capillary tubes placed in both sides of the 
system. The apparatus was the same as that reported 
in the preceding paper (7). 

The temperatures 10, 20, 30, and 40 C and a suc- 
tion difference of 35 cm of mercury were chosen for 
the experiment. The procedure was to start at one 
of the temperatures; take the rate measurements 
when the temperature inside the chambers was in 


1 Received Feb. 6, 1961. 
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the twelve western states and the Agricultural Research 
Service, U.S.D.A. through Western Regional Research 
Project W-67. Published with approval of the director, 
— Agricultural Experiment Station as Journal Paper 
71. 

3 Research assistant and professor of agronomy (soil 
physics), Utah State University, Logan. 


equilibrium with the water bath temperature: then 
change the temperature quickly and repeat the rate 
measurements, and proceed until measurements were 
obtained at the four temperatures. Some runs started 
at the lowest temperature and proceeded to the high- 
est temperature. The reverse of this was also used, 
as well as starting at one of the middle temperatures. 
A few experiments started at the lowest temperature 
and progressed to the highest, then proceeded back 
down to the starting temperature. The purpose of 
this was to see if the movement of water through the 
plant changed appreciably during the experiment. 
The flow usually decreased somewhat at the end of 
the run, probably as a result of changing conditions 
within the plant tissue. The small magnitude of this 
decrease was further minimized by performing the 
experiment at the four temperatures rapidly. Meas- 
urements of the water flow through whole plants, 
stems plus roots, stems plus leaves, and stems were 
recorded at each temperature for both the normal 
(roots to leaves) and negative (leaves to roots) 
directions. 

Application of the kinetic theory to the movement 
of water through plant tissues consisted of A, directly 
measuring the water movement as a function of time 
at a series of temperatures; B, obtaining the rate 
constant or transmission coefficient k by evaluating 
the slope of the plot water flow versus time; C, apply- 
ing the Arrhenius equation by plotting log of the 
rate constant versus the reciprocal of the absolute 
temperature, to obtain the apparent activation energy 
(5), and D, using the results as guides to interpret 
the mechanisms involved. In order to compare with 
the apparent activation energies, temperature coeffi- 
cients were calculated by determining the ratio of 
the rate at one temperature to that at a temperature 
10° cooler. 


Resutts & DISCUSSION 


Temperature coefficients were calculated for each 
plant part of the two plant species (table 1). The 
values varied from 1.3 for movement through stems 
to 1.7 for movement through whole plants. Since 
the temperature coefficient value of chemical reactions 
is usually greater than 2, the results indicate that 
physical or physical chemical processes are involved 
in the movement of water through plants. No similar 
studies seem to have been reported, so comparisons 
could not be made. 
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TABLE I 


AVERAGE TEMPERATURE COEFFICIENTS OF WATER FLow 
THROUGH PLANT TISSUES 














Qro 
PLANT PART 
SUNFLOWER PLANT TOMATO PLANT 
Whole plant 1.7 1.6 
Stem & roots 1.6 1.5 
Stem & leaves 1.5 1.4 


Stem 1.4 i3 





Examples of the water flow-time graphs are shown 
in figures 1 and 2. The slope of these plots yields 
the rate constant or transmission coefficient. The 
slopes of the plot, log of the rate constant versus the 
reciprocal of the absolute temperature, were obtained 
statistically. This made it possible to calculate the 
standard errors of the apparent activation energies. 
Some of the plots of the log k versus 1/T are shown 
in figure 3. 

The rate of water movement through the plant 
with respect to time was a straight-line relationship 
over the temperature range studied. This indicates a 
zero order rate equation thus suggesting that the 
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flow of water through the plant is independent of .he 
amount of water that has passed through the tiss.te. 
The plot, log of the rate constant k versus the recipro- 
cal of the absolute temperature, was also linear, ¢ n- 
firming that the data were in satisfactory agreement 
with the Arrhenius equation over the chosen tem- 
perature range. The apparent activation energies ior 
TABLE IT 
AVERAGE APPARENT ACTIVATION ENERGIES OF WATER 
FLow THrouGH VArRIous PLANT TISSUES 
ACTIVATION ENERGY kcal/mole 
PLANT PART NogmaL = NEGATIVE AvG 
DIRECTION DIRECTION BOTH DIRECTIONS 
Sunflower plant 
Whole plant 9.4+.3 91+.3 9.34.3 
Stem & roots 7.6.4 7525 (5225 
Stem & leaves 654.3 7.24.4 6.9.4 
Stem 5.4.06 $8.2 5.62.1 
Tomato plant 
Whole plant 8.3.4 8.2.5 8.3.4 
Stem & roots 6.7.3 6.7.3 672.3 
Stem & leaves 6.0.2 5.8.4 59.3 
Stem 292-2 414.2 4.0+.2 
— 1 
36+ 7 2 7 
32r 4 
28r a 
24+ 4 
gt 
s 
& 20 : 
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S f£ ; 
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The relationship between the quantity of water flowing through plant tissue and time at a series of tem- 
peratures for whole tomato plant number T-M. 

Fic. 2. The relationship between the quantity of water flowing through plant tissue and time at a series of tem- 
peratures for tomato stem number T-V. 
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TABLE III 


REFERENCE VALUES OF ACTIVATION ENERGIES FOR VARIOUS ProcESSES INVOLVING WATER & WATER VAPOR AS 
OstaAIneD From HANpBook DATA oF THEIR TEMPERATURE DEPENDENCE OR FROM 
EXPERIMENTS ON PuRE WATER SYSTEMS 








ENERGY TEMP. 








Process* (kcal/mole) (°C) REFERENCES 
Vaporization (latent heat) 10.49 10-40 (6) 
Vaporization (energy) 10.18 0 (4) 
9.61 50 
Vaporization (vapor pres.) 10.58 10-40 (6) 
Flow of water (viscosity) 4.00 10-40 (12) 
5.06 
3.42 (4) 
4.59 0-55 (13) 
Water-water self diffusion (coef.) 5.30 ? (4) 
4.60 0-55 (13) 
Water vapor diffusion through air (coef.) 1.06 10-40 (12) 








* All values are based on a total pressure of 1 atmosphere. 





flow of water through each plant part for the two processes involving pure water obtained from hand- 
species have been averaged and are recorded in table book and experimental data. Some of these refer- 
Il. These values were compared with the reference ence values are presented in table III. The apparent 
and experimental activation energies for various activation energies of water flow through plant stems 
(avg. 4.74 kcal/mole) are about the same as the ac- 

¥ T r T y T T T tivation energies calculated for the self-diffusion of 


water (4.60 kcal/mole) and the viscosity of water 
(4.59 kcal/mole). The same activation mechanism 


r 4 is involved in these two phenomena. The close 
24+ E agreement of these activation energies, coupled with 
the tube-like construction of the conducting vessels 

r : of the stem, leads to the conclusion that the water 
22b 3 movement through the plant stem is probably by 


viscous flow. 
r 4 The apparent activation energies were higher for 


20+ x B water moving through roots than through stems or 

leaves and they were higher for leaves than stems. 

r 4 This indicates that the molecular mechanisms of 

8b , water movement through these three tissues are dif- 
ferent. 

7 The observed activation energies for movement of 

L6e J water through the roots and leaves are between those 

expected for the self-diffusion or viscosity of water 

r sli and those for the breaking of the hydrogen bond as 


indicated by activation energy for evaporation and 
vaporization of water. This suggests that the inter- 


log 1000 k 















L | T-P Nor. Stem ee Sie os s aie i ee 
2 T-P Neg. Stem 1 action of the water with the colloids in the root tissues 

ig 3 T-O Neg Stem and leaves J results in a molecular mechanism for water flow that 
4 T-O Nor. Stem and leaves , has an energy barrier greater than for simple viscous 

+ 5 T-I Neg. Stem and roots 7 flow or diffusion, but not as great as the barrier 
tok hag — — roots caused by breaking hydrogen bonds and vaporization. 
8 T M Neg. Whole Low (11) has shown that an increase in viscosity of 

F 4 water that results from interaction of water with clay 

; y is ; P P ; colloids caused an increase in activation energy for 

xe 33 34 35 flow of water through saturated clay pastes. Similar 

1000/T interactions with plant colloids would cause an in- 

Fic. 3. The transmission coefficient k as a function crease in activation energy. One can not tell from 
of temperature for various tomato plant tissues under a studies of this kind whether the interaction with the 


suction difference of 35 cm of mercury. colloids and water is purely physical or whether the 











642 


colloid itself changed with temperature. The data do 
indicate that the interaction of water with the colloids 
of the roots raises the energy barrier higher than the 
interaction with the leaf colloids. 

Visual observation of the data indicates that the 
difference in activation energy for flow in the normal 
and negative directions was probably not significant. 
Apparent activation energies were calculated for the 
water movement in both directions in order to verify 
this conclusion. The results recorded in table II 
show that a small difference exists between the ap- 
parent activation energies for the normal and nega- 
tive directions. These differences, not always in the 
same direction, are less than twice the standard devi- 
ation. Therefore, they are probably due to experi- 
mental errors. This leads to the conclusion that the 
same molecular mechanism is operating on the water 
in the plant tissue regardless of the direction that the 
water is flowing. 


SUMMARY 


Experiments were conducted to gain information 
on the effect of temperature on water transport 
through plants. The rate of water flow through sev- 
eral plant tissues was measured. Temperature co- 
efficients were calculated and used to help analyze 
the effect of temperature on water transfer through 
these tissues. The Arrhenius theory was applied to 
the data to obtain the activation energies for the 
water flow from its temperature dependence. 

The activation energy for water flow through the 
plant stem was in good agreement with those cal- 
culated for the self-diffusion and viscous flow of 
water. This indicates that possibly one process 
(probably viscous flow) which involves the same ac- 
tivation mechanism as diffusion, is involved in water 
movement through the plant stem. The apparent ac- 
tivation energies were higher for water moving 
through roots than through stems or leaves, and they 
were higher for leaves than stems. This indicates 


that the mechanisms of water movement through 
leaves and roots were more complex than either sim- 
ple diffusion or viscous flow. 
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DORMANCY IN BETULA AS A QUANTITATIVE STATE*? 





MAKOTO KAWASE 3? 
DEPARTMENT OF FLORICULTURE & ORNAMENTAL HortTICULTURE, CoRNELL University, IrHaca, NEw York 


Klebs (12) reported in 1914 that the growth of 
beach, oak, ash, and hornbeam could be maintained 
even in winter if they were placed under continuous 
electric light. Since Klebs’ report on the effect of 
day length on the growth of woody plants, there have 
been many studies pertaining to photoperiodism and 
dormancy in woody plants. They were amply re- 
viewed by Samish (21), Wareing (24,26), and 
Nitsch (16). In general, a short photoperiod in- 
duces a reduction in growth of woody plants through 
a shortening of internodes and a decrease in the 
number of new nodes formed. These same plants 
would grow continuously under long photoperiods. 
The breaking of dormancy induced by either artificial 
or natural short photoperiods has heen accomplished 
by three different treatments: A: long photoperiods 
(7, 10, 18, 19, 22, 23, 25,27); B: chilling (2, 5,7,9, 
19), and C: application of gibberellic acid (1, 3, 4, 6, 
13, 14,15). Previous workers such as Van der Veen 
(23) and Downs and Borthwick (7) have suggested 
that, when leaves remain on the plant and are subject- 
ed to short days after visible growth has ceased, dor- 
mancy becomes increasingly more difficult to break. 
This project was undertaken to study the effect of 
photoperiods on dormancy with special consideration 
on the degree of dormancy. 


MATERIALS & METHODS 


Seedlings of Betula pubescens Ehrh.* and Betula 
lutea Michx.* = B. alleghaniensis Britton were used. 

Tn all experiments the seedlings were grown under 
18-hour photoperiods (abbreviated as LD) in the 
greenhouse for approximately six months until the 
start of the treatments. The seedlings ranged from 
1 to 2 feet in height at the beginning of an experi- 
ment, and were selected for uniformity of size. The 
temperature of the greenhouse was controlled at 21 C 
minimum during day and 15.5C minimum at night. 


' Received Feb. 20, 1961. 

° This work was supported in part by the Grant G—4046 
of the National Science Foundation and the Grant 
RG-4840 of the National Institutes of Health to Dr. J. P. 
Nitsch. 

3 Present address: Department of Horticulture, Pur- 
due University, Lafayette, Jnd. 

* The seeds of Betula pubescens and Betula lutea were 
obtained from the Herbst Brothers Seedmen, Inc., 678 
sroadway, New York 12, N. Y. and Mr. F. W. Schu- 
macher, Sandwich, Mass., respectively. 
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Because of the lack of a cooling system, maximum 
temperature could not be controlled. All plants re- 
ceived 9 hours of natural light from 8:00 am to 
5:00 pm. From 5:00 pm to 8:00 am darkness was 
produced by means of thick, black sateen cloth to 
eliminate all natural light. Under the black cloth, 
60 w incandescent lamps were lighted from 5:00 pm 
to 2:00 am for the LD treatment and from 5:00 pm 
to 6:00 pm for the 10-hour photoperiod treatment 
(abbreviated as SD). The bulbs were hung 2 to 3 
feet above the top of the plants, and gave an ap- 
proximate light intensity of 15 to 30 ft-c as measured 
with Weston illumination meter, model 603, at the 
tips of the plants. 

During the experiments, stem elongation and the 
numbers of new, macroscopically visible nodes were 
measured once a week. To eliminate any secondary 
effect from branching, all axillary buds were cut off 
as soon as they started to swell. Thus, the growth 
studies concerned main stems only. 


RESULTS 


IT. GrowtH oF BETULA PUBESCENS SEEDLINGS 
Unper DIFFERENT NuMBeErs OF 10-Hour PHOTO- 
PERIODS. Five groups of 15 seedlings each were 
treated with SD for the last 0, 1, 2, 3, or 4 weeks of 
their experimental periods in such a manner that all 
treatments terminated on March 19, 1958. As shown 
in figure 1, growth of the seedlings was retarded by 
1 week of SD and stopped completely after 2 weeks 
of the treatment. Thus, seedlings kept under SD for 
more than 2 weeks appeared to be in a dormant con- 
dition without any measurable growth. A similarity 
in growth curves of stem elongation and of the num- 
bers of newly developed nodes was seen not only in 
this phase of the study but also in all others. There- 
fore, only one measure of shoot growth, namely the 
elongation of the stem will be discussed for the re- 
mainder of the studies. The actual growth curves of 
the numbers of newly developed nodes are presented 


in (11). 


II. ReEsuMPTION OF GROWTH OF DORMANT 
3ETULA PUBESCENS SEEDLINGS UNDER DIFFERENT 
DurRATIONS OF 18-Hour PHoToPERIoDs. Plants were 
subjected to SD for 4 weeks continuously and then 
given LD for the last 0, 2, 3, 4, 5, or 6 weeks of their 
experimental periods in such a manner that all treat- 
ments terminated on July 23, 1958. After 4 weeks 
of SD treatment, plants became completely dormant. 
At the end of the experiment, resumption of growth 
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Growth of Betula seedlings. Ordinate: cumulative 
stem elongation in centimeters. Abscissa: time in 


Fic. 1. Growth-retardation due to 10-hour day treat- 
ments. LD: under 18-hour days; 1WSD, 2WSD, 
3WSD, or 4WSD: under 10-hour days for 1, 2, 3, or 
4 weeks, respectively ; the arrows show the times at which 
the 10-hour day treatments were started. 

Fics. 2 & 3. Resumption of growth under 18-hour 
days after 10-hour day treatments. 

Fic. 2 (Betula lutea). The light and heavy arrows 
show the times at which 10-hour day treatments were 
started and terminated, respectively. 

Fic. 3 (Betula pubescens). Dotted and solid lines 
show the growth under 10-hour days and 18-hour days, 
respectively. 


was noted in 9 plants (60%) out of 15 which re 
ceived 6 weeks of LD, in 5 plants (33%) of those 
treated with 5 weeks of LD and in one plant (7 % 
of those treated with 4 weeks of LD. No plant 
resumed growth in the treatments of 2 weeks or 
weeks of LD. If the average growth resumption o 
15 plants including both dormant and non-dormant 
plants is calculated at the end of the experiment, the 
following is noted. 


Length of LD after 4 weeks of SD 


Photoperiods 6 weeks 5weeks 4 weeks 
Avg.growthinem 12.0 2.0 0.3 


Those that had received 4 consecutive weeks of SD 
apparently needed at least 4 weeks of the LD treat- 
ments to resume growth. Once dormancy was com- 
pletely broken, the plants started to grow vigorously. 
The individual growth curves are presented in (11). 


III. QuANTITATIVE CHARACTER OF DORMANCY 
InpuceD By 10-Hour PHoTopERIops. From _ the 
previous results one can conclude that a minimum of 
4 weeks of 18-hour photoperiods is required to break 
the dormancy induced by 4 weeks of 10-hour photo- 
periods in Betula pubescens. The following experi- 
ments were conducted to determine the quantitative 
character of the degree of dormancy in two species 
of birch: Betula lutea and Betula pubescens. 

A. Betula lutea. Thirty six seedlings were 
divided into four treatments of nine plants each. 
These four treatments were 0,3,4, and 5 weeks of 
SD. The SD treatments were started and spaced 
so as to have them terminated on Aug. 22, 1958, at 
which time ail 36 plants were brought back under LD 
to study the resumption of growth (fig 2). 

Betula lutea seedlings needed 4 weeks of SD to 
completely stop their growth, although 3 weeks of 
SD treatments were sufficient to retard growth. 
Plants in all treatments resumed their growth within 
the experimental periods but the rate of recovery 
varied. Plants treated with 3, 4, and 5 weeks of SD 
needed LD treatments of approximately 2, 3, and 4 
weeks, respectively, to resume their growth. The 
fact that there was a correlation between the number 
of LD required for the resumption of growth and the 
increase in the number of SD of the prior treatment, 
indicates that for Betula lutea there is a quantitative 
relationship between the degree of SD induced dor- 
mancy and the duration of the SD treatment. 

B: Betula pubescens. Four plots of 15 plants 
each were treated as follows: A: 9 weeks of LD. B: 
2 weeks of LD + 2 weeks of SD + 5 weeks of L.D. 
C: 4+ weeks of SD + 5 weeks of LD. D: 9 weeks of 
SD. All treatments terminated May 22, 1959. The 
results are presented graphically in figure 3. 
Resumption of growth required 2 weeks of LD if the 
plants had been previously treated with SD for 2 
weeks ; 5 weeks of LD were necessary when the plants 
had been treated with 4 weeks of SD. Both SD 
treatments induced dormancy, but the number of LD 
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cycles required for growth resumption was quite dif- 


erent. This indicates that the growth-inhibitory 
stimulus accumulated in the plants beyond a minimum 
level which is sufficient to stop growth. In other 
words, growth-promoting and growth-inhibiting ef- 
‘ects due to LD and SD are quantitative. More long 
days are required for the resumption of growth when 
the number of short day cycles is increased. 


IV. GrowtH oF BETULA PUBESCENS JNDER 
DIFFERENT COMBINATIONS OF PHOTOPERIODS. In 
order to compare different photoperiods in respect 
to the promotion of plant growth, the following ex- 
periments were conducted. 

Fifty Betula pubescens seedlings were divided into 
three lots. One lot of 20 was treated with 14-hour 
photoperiods, a second lot of 10 received 16-hour 
photoperiods, and a third lot of 20 received 18- 
hour photoperiods for 9 weeks starting March 9, 1959. 
On May 11, half the plants which had been treated 
with 14-hour or 18-hour photoperiods were trans- 
ferred to 16-hour photoperiods. Growth measure- 
ments were recorded weekly starting 3 weeks before 
May 11 and continuing for 3 weeks after May 11 
(fig 4). 

Plants subjected to the 14-hour photoperiods 
showed very little growth. However, the growth of 
plants in the 16-hour or 18-hour photoperiods was 
very pronounced, with the plants subjected to the 18- 
hour photoperiods showing the greatest growth rate. 
A modification of growth was obtained when phcto- 
periods were altered May 11. Transferring plants 
from the 18-hour to the 16-hour photoperiods caused 
a little retardation of growth, while transferring the 
plants from the 14-hour to the 16-hour photoperiods 
speeded up the growth rate. 

The quantitative character of photoperiodic treat- 
ments, which was indicated by the results in previous 
sections, can be extended further within the range of 
10-hour to 18-hour photoperiods in Betula pubescens. 


It is evident that the photoperiodic effect in the direc- 
tion of either promotion or retardation is due not only 
to the number of photoperiodic cycles given but also 
to the length of the photoperiod. There may be a 
critical day length, which when exceeded, results in 
growth; conversely when the day length is less than 
the critical, growth does not occur or growth is greatly 
retarded. The critical day length in the present case 
may be somewhat shorter than 14 hours. 


V. EFFect oF ALTERNATING SHORT Day & LonG 
Day TREATMENTS ON GROWTH OF BETULA PUBESCENS. 
It was clear from the foregoing experiment that the 
modification of growth follows if plants are trans- 
ferred from one to another photoperiod. It would 
be interesting to know how plants behave in respect 
to their growth if one treats plants repeatedly with 
two kinds of photoperiods one after another. Betula 
pubescens seedlings were used in the following ex- 
periments. Four groups of 15 plants each were 
grown under 10-hour, 14-hour, 16-hour, or 18-hour 
photoperiods for 10 weeks, starting June 2, 1959. 
Another three groups of 15 plants each were treated 
with 14-hour, 16-hour, or 18-hour photoperiods, 
respectively, during the odd-numbered weeks while 
during the even-numbered weeks all 45 plants were 
treated with 10-hour photoperiods throughout the 
period from June 2 to Aug. 10, 1959 (table I). 

In this experiment, continuous 14-hour, 16-hour, 
and 18-hour photoperiods induced vigorous growth 
and even the 10-hour photoperiod under which Betula 
pubescens stopped growth within 2 weeks in previ- 
ous cases, showed some growth. This point will be 
further explored in the final discussion of all the ex- 
periments. It is quite an interesting point that plants 
showed a rather constant growth even under photo- 
periods which were changed weekly. It may mean 
that under the extended treatment, a combination of 
long and short photoperiods produced an intermediate 
effect. The 10-hour photoperiod which was given 


TABLE I 


STEM ELONGATION OF BETULA PUBESCENS SEEDLINGS 








WEEK 18 hr 18-10 hr 16 hr 
1 57 6.0 67 
2 13.1 12.5 15.4 
3 20.4 178 23.0 
4 29.3 22.9 32.6 
5 414 35.1 45.0 
6 51.9 46.3 56.1 
7 67.2 618 71.2 
g 78.8 73.3 83.6 
9 89.7 82.0 93.7 
10 104.7 95.7 108.9 


TREATMENTS 


16-10 hr 14 hr 14-10 hr 10 hr 
6.8 5.0 6.0 4.9 
12.1 12.1 10.9 9.4 
16.6 17.6 15.1 11.6 
ys | 25:5 16.7 12.9 
30.1 36.2 ys A 15.3 
40.0 47.2 31.8 17.8 
54.0 63.4 40.0 21.8 
64.8 Toa 56.4 24.4 
74.3 84.2 64.1 26.4 
83.9 98.9 73.7 28.1 


Unit :cm 


10 hour, 14 hour, 16 hour, or 18 hour: 10-, 14-, 16-, or 18-hour days, respectively; 14-10 hour, 16-10 hour, or 
18-10 hour: 14 hour, 16 hour, or 18 hour during the odd-numbered weeks, however, all three groups of plants under 


10 hour during the even-numbered weeks. 
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Growth of Betula pubescens seedlings. Ordinate: cumulative stem elongation in centimeters. Abscissa: time 
in weeks. 

Fic. 4. Combination of different photoperiods. 14 hour, 16 hour, or 18 hour: under 14-hour, 16-hour, or 18- 
hour days, respectively; 14-16 hour: 14-hour for the first 3 weeks, thereafter under 16 hour; 18-16 hour: 18 hour 
for the first 3 weeks, thereafter under 16 hour; the arrow shows the time at which photoperiods were changed. 

Fic. 5. Inactivation of short-day effect by night interruption or by gibberellic acid. LD or SD: 18-hour or 
10-hour days, respectively; GA: SD with a 50 ppm solution of gibberellic acid every 2 weeks; NI: SD with dark 
period interrupted with pink fluorescent lamp. 

Fic. 6. Two-branch plants. LD or SD plants: both branches kept under single treatment, 18-hour or 10- 
hour days, respectively; LD and SD branches: one branch subjected to LD, the other to SD. 


Fic. 7. Effect of cold pretreatment and long photoperiods on breaking dormancy. C 10, C 15, or C 18: cold 
pretreatments followed by 10-hour, 15-hour, or 18-hour days, respectively; W 18: non-cold pretreatment followed 
by 18-hour days; numbers in brackets: percentages of plants which resumed growth by those dates. 
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during odd-numbered weeks did, however, cause dif- 
ferent growth retardations, depending on the length 
of photoperiods with which the 10-hour photoperiod 
was combined. If one considers the last 3 weeks 
when all curves became linear and calculates the 
growth rates, the following is noted. 


Photoperiods 


10hr 14-10 hr 16-10 hr 18-10 hr 14hr 16hr 18hr 
ey 9.2 10.0 11.3 10:8 126 125 


Growth rate 
(cm/week ) 





These data show that one can not calculate mathe- 
matically the growth rate for 14-10 hour, 16-10 hour 
and 18-10 hour as an average of the two photoperiods. 
The average would be 7.0, 7.4, and 7.3 cm per week 
for 14-10 hour, 16-10 hour, and 18-10 hour, respective- 
ly, and these numbers are lower than the observed 
values. Thus, one must multiply some factors by the 
growth rates of 14-hour, 16-hour, or 18-hour photo- 
periods before adding to the 2.1 cm per week of 10- 
hour photoperiod. These factors are calculated as 
1.38, 1.42, and 1.64 for 14-hour, 16-hour, and 18-hour 
photoperiods, respectively. Thus, in the case of the 
18-hour photoperiod, one can calculate 11.3 cm per 
week for 18-10 hour photoperiod as follows. 


12.5 cem/week X 1.64 + 2.1 cm/week 
— = 11.3 cm/week 
2 





If one is allowed to use these ratios as comparable 
numbers between different photoperiods, one can say 
that 14-hour, 16-hour, and 18-hour photoperiods pro- 
moted growth of Betula pubescens seedlings with a 
ratio of 1.38: 1.42: 1.64. 


VI. INacTIVATION oF SHORT Day Errect WITH 
INTERRUPTION OF NiGHT & APPLICATION OF GIB- 
BERELLIC Acip. Forty Betula pubescens seedlings 
were divided into two groups so that ten plants would 
have continuous LD and 30 plants would have SD. 
The latter group was subdivided into three subgroups 
of ten plants each. The first subgroup was treated 
with SD throughout the experimental period. In the 
second subgroup, a dark period of 14 hours was in- 
terrupted at its mid-point (1:00 am to 1:30 am) 
throughout the experimental period with 30 minutes 
of light from a 15 w pink fluorescent lamp 2 feet 
above the plants. The lamp had an intensity of 10 
to 15 ft-c as measured with Weston illumination 
meter, model 603, at the tips of plants. In the third 
subgroup, the growing points were treated with one 
drop of an aqueous solution (50 ppm) of gibberellic 
acid at intervals of 2 weeks beginning Nov. 1, 1958, 
when all the treatments were started. One drop of 
the above mentioned solution contains approximately 
2 gammas of gibberellic acid. 

The results presented in figure 5 show that plants 
grew vigorously under LD, and SD induced dormancy 
after 2 weeks. The interruption of the dark period 
and the gibberellic acid treatments, however, reduced 





the growth-inhibitory effect due to SD. Growth of 
the gibberellic acid treated plants was somewhat 
greater than plants with interrupted night. Develop- 
ment of new nodes was associated with the growth 
curves except in the case of the gibberellic acid treat- 
ment, where the number of nodes increased remark- 
ably. Finally, there was no difference in the num- 
ber of new nodes formed between the LD and gib- 
berellic acid treatments, in spite of their difference in 
height at the conclusion of the experiment. 


VII. Two-Brancu Test. Thirty Betula pu- 
bescens seedlings were grown under LD so as to 
have two equal sized branches originating from 
adjacent basal buds. One group of seven plants was 
shifted to LD and a second group of seven plants to 
SD. A third group of 16 plants was treated so as to 
have one branch subjected to LD and the other to 
SD (both are abbreviated as “LD branch” and “SD 
branch” in the following discussion). To restrict 
the photoperiod treatment to one branch, a thick, 
black sateen curtain was drawn between the two 
branches from 5:00 pm to 8:00 am. A photoperiod 
of 18 hours was given to one branch and 10-hour 
photoperiod to the other. Before beginning the study 
on Jan. 10, 1959, as well as throughout the experi- 
mental period, the leaves near the base of the plants 
were removed to facilitate the movement of the cur- 
tain (fig 6). The plants which received SD or 
LD on both branches reacted similarly to those men- 
tioned in previous experiments, namely a cessation of 
growth after 2 weeks of SD and continuous growth 
under LD. On the other hand, plants which received 
SD on one branch and LD on the other showed the 
following results: the SD branches stopped growing 
just as did the SD plants, while the LD branches 
grew, but far less than the LD plant. These facts 
may indicate that some growth-inhibitory effect was 
transported from the SD branches to the LD 
branches. 


VIII. Errect or Cotp TEMPERATURE & LONG 
PHOTOPERIODS ON BREAKING DorMancy. In the 
greenhouse 120 Betula pubescens seedlings were sub- 
jected to SD for 4 weeks starting Jan. 19, 1960. 
Thereafter, seedlings which had been in dormant con- 
dition were divided into two groups of 60 plants 
each. In the first group, plants were kept in a 
cold frame which was located outside of the green- 
house and controlled so as to maintain the inside 
temperature of 4.5C minimum, while plants in the 
second group were kept continuously in the green- 
house. The photoperiod was not controlled at all so 
that both groups were exposed to a natural day length 
with either cold or warm temperature for the period 
of 4 weeks. At the end of treatment, plants in the 
cold frame showed different degrees of cold injury 
with brown leaves and leaf abscission. Some plants 
completely lost their leaves. On March 16, plants 
were shifted from the cold frame to the greenhouse 
and these plants as well as the plants continuously 
kept in the greenhouse were each subdivided into three 
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groups and subjected to the following three photo- 
periods: 10-hour, 15-hour, or 18-hour. Thereafter, 
resumption of growth in the six subgroups was ob- 
served for 12 weeks. Dormancy was broken by either 
cold treatment or longer photoperiods (fig 7). 
In cold-treated plants, the longer photoperiods in- 
duced quicker resumption of growth and the sub- 
sequent growth was more rapid. The plants kept 
continuously in the greenhouse resumed their growth 
only when they were kept under 18-hour photoperiods. 
Conclusively it can be said that the dormancy of 
terminal buds can be broken most effectively when 
plants are subjected first to cold and then to longer 
photoperiodic treatments. 


DISCUSSION 


The quantitative character of dermancy was clear- 
ly demonstrated in this study. Once plants cease their 
growth under SD, subsequent SD treatment apparent- 
ly does not further modify growth. The degree of 
dormancy, however, depends on the number of photo- 
periods which are shorter than a critical threshold. 
The number of long days necessary for the resumption 
of growth in plants which had become dormant under 
the influence of short days increased as the duration 
of short day treatment was increased. This effect 
occurred in both Betula lutea and Betula pubescens 
(figs 2,3) and is in agreement with the findings 
of Van der Veen (23) and Downs and Borthwick 
(7). Thus, in some way, the growth-retarding effect 
caused by a given number of short days must ac- 
cumulate in the plant itself. Therefore, dormancy is 
not typical of the all-or-nothing characteristic which 
was first discussed by Bowditch in 1871 (8) with 
respect to muscle contraction. The dormancy is, 
however, capable of full gradation in depth. 

The length of a daily photoperiod has, on the 
other hand, an important quantitative implication on 
the photoperiodic control of growth in Betula. It is 
demonstrated in figure 4 that 14-hour, 16-hour, and 
18-hour photoperiods promote growth of Betula pu- 
bescens seedlings; the longer photoperiods causing 
more growth. As calculated from the data in table I, 
14-hour, 16-hour, and 18-hour photoperiods pro- 
moted growth of Betula pubescens seedlings with a 
ratio of 1.38:1.42:1.64. The growth of seedlings 
of Betula pubescens under the 10-hour photoperiod 
(in table 1), however, can be questioned. Seedlings 
of Betula pubescens ceased their visible stem elonga- 
tion under this photoperiod within 2 weeks (figs 1, 
3,5,&6). This contradiction could be explained by 
the possibility that high summer temperatures in 1959 
might have somewhat lengthened the critical day 
length of this species. The temperature in the green- 
house where this experiment was carried on was not 
recorded but the weather report from Caldwell Field 
Station of Cornell University (this station is located 
approximately 1.5 miles NE of the greenhouse) stated 
that the mean temperature was 1.3 C higher in August 
of that year than the 20-year average for this month. 


This explanation is probably not in variance with th: 
results of Downs and Borthwick (7). They sai 
that the induction of dormancy in trees took a greate 
number of short days under high temperature tha 
under lower temperature and also that trees cease 
growth under relatively longer photoperiod whe 
plants were grown at temperatures below 21.1 C 
The strong modifying influence of temperature o1 
photoperiodic growth control was discussed by Nitscl 
(16). He said that photoperiodism seems to be op- 
erative inside a given temperature range; the whok 
mechanism is ineffective at temperatures below or 
above certain limits. 

The length of a daily photoperiod also has an 
important quantitative bearing on the photoperiodical- 
ly induced dormancy. Figure 7 shows that 10-hour, 
15-hour, and 18-hour photoperiods induce resumption 
of growth in dormant Betula pubescens seedlings 
when photoperiodic treatments are followed after cold 
treatment, the longer photoperiod resulting in higher 
percentages of resumption. 

It is clear, therefore, that a photoperiod regulates 
the degree of dormancy by means of its attributes. 
At least two of these are important as far as the 
present results are concerned, A: length or kind of 
photoperiod, B: duration or cycle of photoperiod. 

It is difficult to know what is the interme- 
diate mechanism between photoperiod and growth. 
Figures 2 and 3 imply that the change in state of 
dormancy is quite gradual in the direction of either 
induction of initial dormancy under SD or breaking 
of dormancy under LD. This type of close relation- 
ship between photoperiod and dormancy may lead one 
to believe that a substance exists between the photo- 
periodic stimulation and growth reaction, the level 
of which is controlled by the photoperiod, which in 
turn controls the growth. This kind of speculation 
is not in disagreement with the results presented in 
figure 6. In a two-branch plant (see fig 6) there 
must be some inhibitory effect moving from the SD 
branch to the LD branch. Although the inhibitory 
stimulus coming from the SD branch did not stop the 
growth of LD branch, it greatly reduced it. 

Downs and Borthwick (7) said that dormant 
Betula manchurica apparently needs a cold treatment 
in order to break the dormancy of the terminal buds. 
However, Betula pubescens and Betula lutea used 
here, showed the resumption of growth without cold 
treatment if the day length was long enough (figs 
2,3,7). Gibberellic acid application (3, 4, 13, 14, 15, 
17) and dark period interruption (20,27,28) have 
been reported by many workers to nullify the short 
day effects. The present results shown in figure 5 
are in agreement with those reported results. 


SUMMARY 


The growth of leafy seedlings of Betula pubescens 
and Betula lutea was studied under different photo- 
periods. 
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KAWASE—DORMANCY IN BETULA 


In both species: 


To induce dormancy 2 to 4 weeks oi 10-hour 


photoperiods were required. 


II. Short day induced dormancy was broken by 


long photoperiods. 


III. The degree of the short day induced dor- 


mancy depends on the number of short days given. 
The greater the number of consecutive, short days, 
the longer it took to break dormancy with long days. 


In Betula pubescens : 


IV. Breaking of dormancy was induced by cold 


treatment but this effect was more pronounced when 
longer photoperiods followed after cold treatments. 


V. The rate of growth was markedly varied by 


the length of a daily photoperiod, being greater under 
the longer photoperiod with the photoperiod range be- 
tween 10-hour and 18-hour. 


VI. An interruption of the long night at mid 


point or the application of gibberellic acid nullified 
the effect of short days when the short days were 
given. 


VII. When one branch of the two-branch plant 


was kept under short days growth retardation was 
noted on another branch kept under long days. 
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CERTAIN PROPERTIES OF HYPOCOTYL OF IMPATIENS 
BALSAMINA REFLECTING PHYSIOLOGICAL COMPLEXITY? 
ALLAN ARNOLD & RALPH E. ALSTON 
DEPARTMENT OF BoTANy, UNIVERSITY OF RHopE ISLAND, KINGsTon, & 

THE PLANT RESEARCH INSTITUTE & DEPARTMENT OF BoTANy, UNIversITy oF TEXAS, AUSTIN 


In the course of a study of leucoanthocyanin syn- 
thesis in balsam hypocotyls (1) certain properties of 
specific regions of the hypocotyl were noted which 
were of particular interest. For example, if 5 cm 
hypocotyls from dark-grown plants were cut into ten 
segments of equal length and transferred to White’s 
medium with agar and sucrose in light, the time-rate 
of appearance of anthocyanin pigment was correlated 
with the origin of the segment. The upper seg- 
ments (nearest the cotyledons) were the first in 
which anthocyanin appeared. Little or no anthocva- 
nin formed, even in strong light, in the absence of 
sugar, but when sugar was present some pigment 
appeared in the absence of light. The combination 
light + sugar (sucrose, in this instance) yielded the 
most pigment. . Surprisingly, in darkness with sugar, 
the pigment was not formed in segment 1 (adjacent 
to the cotyledons) which, in light, was the most ef- 
ficient anthocyanin producer. Furthermore, seg- 
ments of the hypocotyl differed in their ability to 
form hairs or lateral roots. Other manifestations, 
similar to the above, of the responsiveness of the 
balsam hypocotyl, together with additional practical 
advantages which will be enumerated, suggested that 
this species would be a good choice for a comprehen- 
sive study of growth’ and differentiation of the 
hypocotyl. The hypocotyl has been relatively neg- 
lected in favor of simple linear systems such as the 
root, but the complexity of the hypocotyl provides 
some problems of peculiar interest. For example, 
the hypocotyl is transitional between root and shoots, 
and undergoes extensive growth of essentially inter- 
calary nature. Noel (13) has studied the site of 
growth in the balsam hypocotyl, using india ink 
markings. He also studied lateral root and epi- 
dermal hair formation in this species. He reported 
that at any stage 90 % of all subsequent growth oc- 
curred in the first 5 or 6 mm below the cotyledons. 
The region of active growth includes the hypocotyl 
arch which remains curved in darkness. Noel 
referred to the region as a pseudo-meristem. In our 
own investigation, numerous mitotic figures were ob- 
served through the hypocotyl arch of 10-day old seed- 


lings. 


1 Received Feb. 23, 1961. 
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The balsam hypocotyl is a rich source of leucoan- 
thocyanins; genetic strains are available which are 


anthocyanin-free or which differ qualitatively in the 


form of anthocyanin present (2). The hypocctyl 
therefore provides an excellent system for studying 
the physiology and biochemistry of anthocyanin syn- 
thesis while anthocyanin represents a labile overt 
physiological indicator, i.e. anthocyanin synthesis is 
quantitatively affected by numerous and diverse en- 
vironmental factors. 

This initial paper includes information of essen- 
tially descriptive nature plus a series of experiments 
on pigmentation and root and hair formation in hy- 
pocotyl segments in light and darkness with and with- 
out addition of the sugars, sucrose and glucose. All 
data reported here are from seedlings with a hypo- 
cotyl length of about 50 mm. 


METHODS 


Vaughan Seed Company’s Scarlet Balsam (/im- 
patiens balsamina L.) was used in all experiments. 
This strain corresponds to Davis’ (5) HP® type hav- 
ing bright red flowers and red stems, or RSWD in 
Weijer’s terminology (17). The stems yield the an- 
thocyanin aglycones, pelargonidin and cyanidin (2), 
and possibly delphinidin in lesser amount. 

Except in the respiration studies seedlings were 
grown under standard conditions as follows. After 
sterilizing with 1% bromine water the seeds were 
transferred to sterile petri dishes containing a double 
layer of filter paper and 10 ml of distilled water. 
The dishes were incubated 7 days at 27 to 28C in 
total darkness. 

In respiration studies, unsterilized seeds were 
placed into large finger bowls lined with wet filter 
paper and incubated at 30C in darkness. Pooled 
hypocotyl segments were incubated in the Warburg 
vessel 30 minutes in 2 ml of White’s medium without 
ferric sulfate, and without adding IAA or sugar. 
Readings were taken over a 2-hour period. Oxygen 
consumption rate was essentially linear throughout 
the experiment. Although the hypocotyls of dark- 
grown seedlings had no chlorophyll, as a precaution 
all cutting was done in a darkened room (light es- 
timated at < 5 ft-c) ; the Warburg apparatus was op- 
erated in semi-darkness. At the close of a run the 
segments were blotted on filter paper and weighed 
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rapidly on an automatic microbalance. Cell counts 
were obtained by a method described by Brown and 
Broadbent (4). 

For the growth experiments, the 7-day-old seed- 
lings were cut into ten segments of approximately 
equal lengths and placed onto the surface of an ap- 
propriately modified White’s agar medium supple- 
mented with 1 X 1075 mg/ml of NAA. Linear 
order of placement was observed, of course. Sterile 
precautions were observed throughout. Data on root 
and hair formation were collected periodically for 
individual segments. All growth experiments were 
conducted at constant temperature (25(C), and the 
light experiments in 450 ft-c from fluorescent sources. 

Quantitative estimates of total anthocyanin were 
made at the end of a 10-day experimental period. 
Anthocyanins were extracted from 20 pooled segments 
overnight in darkness (27-28C) in 5 ml of 1% 
methanolic HCl and filtered through glass wool. 
The relative amount of total anthocyanin was meas- 
ured with a Beckman DU spectrophotometer by a 
method previously described (1). The optical den- 
sity value, assumed to represent a relative concentra- 
tion of anthocyanin, was multiplied by 1,000 to yield 
a whole number so that the whole numbers (table IT) 
represent only arbitrarily defined units of anthocya- 
nin. 


RESULTS 


RESPIRATION StupIES: From preliminary ex- 
periments it was apparent that the cotyledon end of 
the hypocotyl had a much higher endogenous respira- 
tion rate than did the radicle end, in older as well 
as very young seedlings. When sets of hypocotyls 
50 mm long were divided into ten more-or-less equal 
segments, it was apparent that respiration rate was 
very high in segment 1, moderately high in segment 
2, low and nearly constant in segments 3 to 10 (table 


£). 





In an effort to resolve better the axial respiratory 
gradient in the proximal zone of high respiration six 
consecutive 2 mm segments (80 replicate segments/ 
Warburg flask) were measured. The proximal 12 
mm thus studied included the complete hypocotyl arch 
and a short distance behind it. Data from table I 
indicate that the rate of respiration in the first 4 mm 
or less is several fold greater than throughout the 
lowest 90 % of the hypocotyl. However, when res- 
piration data are plotted on a per-cell basis, per cell 
respiration is minimal in the pseudo-meristem region, 
rising to a maximum at a position 8 to 10 mm below 
the cotyledons. Below the 8 to 10 mm level per-cell 
respiration rate drops and is relatively constant 
throughout the remainder of the hypocotyl. 


GrowtH Stupies (Hair & Root ForMATION). 
Noel (13) noted that certain hypocotyl fragments, 
particularly those nearer the cotyledons, formed 
numerous epidermal hairs which “surrounded the 
fragment as a muff”. In the first six 2 mm segments 
wherein Noel observed most consistent hair formation, 
the greatest density was in segments at the 8 to 10 mm 
level. If the segments were placed upright, hair 
formation was greatly reduced. 

Figure 1 shows the results of hair and root for- 
mation of 35 pooled 5 mm segments of each of the ten 
positions over a 10-day period. Hair formation can- 
not readily be expressed quantitatively, so the data 
are plotted on the basis of the first definite evidence 
of hairs at the cut ends of a particular segment. Hair 
formation generally decreases from the top to the 
bottom segments with every treatment. In general, 
segments in 2% sucrose formed hairs more readily 
than did those in 2 % glucose, and segments in dark- 
ness formed hairs more readily than did those in light. 
One exception to the last statement was segment 1 in 
2 % glucose in the dark in which relatively few seg- 
ments formed hairs. Below segment 2, in the lighted 
sets, there was practically no hair formation. In 


TABLE I 


OxyGEN CONSUMPTION OF IMPATIENS BALSAMINA* 








HypocotyL SEGMENTS AT 30C. ToTaL LENGTH OF HyPocotyLs 50-75 mm 





Segment position 1 2 3 f 


ul O,/mg fr wt/hr 0.23 0.13 0.09 0.08 


5 6 7 8 9 10 


0.08 0.07 0.07 Rare 0.06 0.06 


Oxygen consumption in 2 mm hypocotyl segments of Impatiens balsamina at 33.5 C* 


Segment position 1 2 3 4 5 6 
ul O,/mg fr wt/hr Exp. 1 0.62 0.55 0.33 0.19 0.15 0.11 
Exp. 2 0.49 0.53 0.41 0.24 0.18 0.14 


Exp. 3 0.66 0.65 0.37 0.15 0.12 0.11 


No. cells/segment (% 1075) 


ul O, X 105/cell/hr (Based on avg values of 
experiments 1-3 above) 


3.65 2.93 1.58 0.68 0.34 0.37 
0.36 0.45 0.62 0.73 1.10 0.90 





* Segment 1 is closest to cotyledons. 


Cell number and respiration rate are essentially unchanged from the 12 mm level to the basal end of the hypocotyl. 
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Fic. 1. Of the eight graphs pictured, the upper four represent the number of 5 mm hypocotyl segments exhibiting 
epidermal hairs at designated time intervals when cultured under conditions indicated below; the bottom four graphs 
represent the number of lateral roots visible at designated time intervals when cultured under conditions noted below. 
Culture conditions, for each set of four experiments are as follows: upper left, 2% glucose + light; upper right, 2% 
sucrose + light; lower left, 2% glucose in predominant darkness, and lower right, 2% sucrose in predominant 
darkness (i.e., some light was necessary in order to observe, periodically, the results). 
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TABLE II 
RELATIVE AMOUNTS OF ANTHOCYANINS ForMeED AFTER 10 Days IN 20 SEGMENTS 
TREATMENT 1 2 3 4 5 6 7 8 9 10 
; 2% glu + light 145 191 220 220 229 228 241 186 178 142 
2% suc + light 103 136 152 163 160 143 175 136 148 140 
2% glu + dark 6 21 34 32 29 23 24 22 20 15 
2% suc + dark 1 11 16 13 12 9 14 12 11 12 








darkened sets segments 8 to 10 in 2% glucose pro- 
duced no hairs while in 2 % sucrose even some of the 
lowest segments produced hairs. 

The total number of roots formed, except in seg- 
ment 1, was not greatly influenced by light. In seg- 
ment 1, however, root formation was definitely in- 
hibited in darkness. This segment, however, elon- 
gates noticeably in darkness, and this growth must 
be considered in the interpretation of any aspect of 
its behavior in dark conditions. Time differences in 
the root forming potential of different segments were 
detected. For example, in segment 10 roots appeared 
somewhat earlier though the total number at the end 
of the 10-day observation period was less than in cer- 
tain other segments. In sucrose cultures the roots 
appeared earlier than in the glucose cultures. A 
decline in the number of roots produced by the lower 
segments was evident in glucose but not conspicuous- 
ly in sucrose. 


PIGMENT ForMATION. Although quantitative es- 
timates of pigmentation were made once at the end 
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light ; lower left, in 2% glucose + darkness, and lower right, in 2% sucrose + darkness. 








of the 10-day observation period a record of visual 
observations was kept, and the incidence of segments 
showing definite anthocyanin coloration is summar- 
ized in figure 2. The segments do not form any 
(visually detectable) anthocyanin in darkness or even 
in light, lacking sugar, so the comparative efficiency 
in glucose and in sucrose may be measured from a 
control base of no appreciable pigmentation. In light 
all segments, with one or two insignificant excep- 
tions, eventually formed pigment with sugar. The 
production of visible pigmentation in segments 3 to 7, 
in light, was more rapid in 2% glucose than in 2% 
sucrose. Beginning with segment 8, however, the 
tendency noted above was reversed, and in the last 
three segments (particularly segment 10) pigment 
formation was more rapid in the 2% sucrose set. 
Almost an exact repetition of this above pattern was 
noted in the dark-grown sets, with two exceptions. 
First, the onset of pigmentation was delayed and 

















much less pigment developed in all cases. Second, 
segment 1 was conspicuously unresponsive. Failure 
i} = 
N <= 
cea: = 
. N\ = 
* - 
* » id 
KX Ns 
435 == 
NES 
Ll 
” 
acs 
nso 
° 
= 
a 192 2 
Time in hours 
} . 
= 
2 . = 
> = 
L - 
Mee 
$ —" 
“7 3 == 
| com 
NHe= 
ol 
|\28 z= 
| aad 
x zy = 
30 486672 % te 192 28 


Time in hours 


Data from comparative studies of the effect of glucose and sucrose upon anthocyanin pigmentation in light 
The graphs indicate the number of segments (of a total of 35) of a particular position which were 
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to produce much pigment in darkness in segment 1 
may be the consequence of more rapid growth in this 
segment. In light, although segment 1 is undergoing 
more growth than lower segments it also produces 
chlorophyll more quickly; this may account for the 
rapid development of anthocyanin in segment 1 in 
light. 

Data from table II show that more pigment is 
formed in the presence of glucose than in sucrose 
under otherwise equivalent conditions. In the light- 
grown sets the data from table II indicate that seg- 
ment 1 produces less pigment than most other seg- 
ments. However, only the lower half of segment 1 
forms much anthocyanin even in intact plants. Ex- 
cept for segment 1, the segments do not appear to 
differ strikingly in their pigment content. 


DISCUSSION 


In the preceding sections data were presented 
which indicated that the balsam hypocotyl is, physi- 
ologically, a complex structure. Segment 1 is ana- 
tomically and _ physiologically unique, and _ this 
uniqueness is manifest in its independence and non- 
conformity to axial gradients present in the other seg- 
ments. This upper segment is the site of almost all 
growth in the hypocotyl. Growth, even in week-old 
seedlings, is by cell division as well as by cell en- 
largement though vascular elements are continuous 
through the region concerned (13). It has been 
noted that respiration rate, per cell, reaches a maxi- 
mum at the 8 to 10 mm level and drops off, to remain 
somewhat constant below the 10 to 12 mm position. 
The curves for respiration as a function of fresh 
weight and cell number are notable in that they con- 
form closely to those obtained by Brown and Broad- 
bent (4) in pea root. By this criterion, at least, the 
hypocotyl is somewhat analogous to an apical meri- 
stem system. 

Segment 1 is the only segment to elongate ap- 
preciably in darkness and the consumption of energy 
therein doubtless reduces the root forming capacity. 
In light, segment 1 also elongates somewhat but forms 
chlorophyll more quickly than other segments. 
Whatever the actual energy balance may be in light, 
segment 1 does form as many roots as do other seg- 
ments in light. 

It is possible that something may be inhibiting 
lateral root formation along the hypocotyl in intact 
seedlings, for no roots appear prior to cutting the 
hypocotyl into segments. Inhibitors of root develop- 
ment from hypocotyls are known, e.g. kinetin inhibits 
root development by sunflower and bean hypocotyls 
(7,10). Lateral root formation in the segments is 
essentially polar, so it is likely on the basis of dis- 
tribution that most of the root primordia were initi- 
ated after the cuts were made. Our own observa- 
tions of cleared material of 50 mm length indicate 
that less than one primordium per hypocotyl is form- 
ed at time of cutting. Noel reported 2.2 primordia 
per hypocotyl at the 55 mm stage. 


Hair formation is polar; the hairs usually app:ar 
at the lower cut end of a segment. The balsam 1y- 
pocotyl is normally glabrous, so the hairs occur as 
a response to cutting. Mohr (12) found that «pi- 
dermal hair formation on the hypocotyl of Sinu pis 
alba is sensitive to the red-far red system whicl: is 
known to influence a number of morphogenetic +e- 
sponses. In our material hair formation was _ in- 
creased in the dark. Because brief exposure to lizht 
was necessary while recording the data we cannot 
rule out the possibility of a red-far red sensitivity. 
In other cases, however, profuse hair formation was 
noted at the time of the first observation, and these 
cultures had received only weak green light brieily 
during transfer. 

The root forming responses in balsam agree gen- 
erally with those reported in the sunflower hypocotyl 
(5). However, in the sunflower it appears that the 
differences in rooting responses of segments at dif- 
ferent levels are somewhat greater than in balsam. 
In sunflower, it was shown that IAA content of the 
medium greatly influenced root formation in the 
hypocotyl segments (6,8); a concentration of 0.1 
ug/ml was optimum for root formation. Although 
the effect of IAA concentration was not part of the 
present study, previous observations by one of us 
(R.A.) indicate that high IAA content inhibited root 
formation but not hair development. Young balsam 
hypocotyls reportedly have a rather high endogenous 
auxin content (4). 

One reason that the effects of glucose and sucrose 
upon anthocyanin formation were compared is that 
there is some disparity on this point in the literature. 
Eddy and Mapson (9) found that sucrose, glucose, 
and a number of other sugars enhanced anthocyanin 
synthesis in cress seedlings. Thimann et al. (15) 
reported, however, that in Spirodela oligorrhiza su- 
crose greatly stimulated anthocyanin synthesis in 
growing cultures while glucose and certain other 
sugars had no effect. In non-growing cultures (lack- 
ing mineral nutrients) glucose was about as effective 
as sucrose in promoting anthocyanin synthesis in 
Spirodela. Straus (14) found that sucrose is more 
effective than glucose in promoting anthocyanin syn- 
thesis and also growth in corn endosperm tissue 
cultures. 

It is apparent from table II that both sugars are 
effective in promoting anthocyanin synthesis, but 
glucose is somewhat more effective than sucrose in 
all segments in both light and darkness. No ex- 
planation can be advanced for the fact that the onset 
of pigmentation was more rapid in glucose in the 
upper segments but more rapid in sucrose in segments 
near the base. 


The fact that glucose and sucrose both are quite 
effective in promoting anthocyanin formation in seg- 
ment 1, the site of rapid growth, would at first ap- 
pear to argue against Thimann’s hypothesis that the 
ineffectiveness of glucose in growing Spirodela cul- 
tures resulted from preemption of glucose for growth. 
However, it is only in the light that glucose and 
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sucrose are effective in this segment, and somewhat 
less growth occurs in segment 1 in light. In dark- 
ness, where greater elongation occurs in segment 1, 
neither sugar is very effective; in fact, in glucose 
none of the upper segments produced any visible 
pigment. [A small amount of pigment was present 
in the glucose cultures, however (table IT).] 

The transition from bright green to bright red 
coloration in the descending loop of the hypocotyl 
arch, in segment 1, is quite abrupt. In this region 
the gross rate of respiration is dropping off rapidly, 
but respiration rate, per cell, is approaching a maxi- 
mum. One basic question concerning this transition 
region pertaining to anthocyanin synthesis relates to 
why the proximal portion (with respect to the 
cotyledon attachment point) does not become pig- 
mented. We have not succeeded in inducing antho- 
cyanin pigmentation in this region. Either the 
capacity for growth is so great that no precursors are 
available for anthocyanin synthesis; the necessary 
enzyme system is not present, or if present, not ac- 
tivated; or both enzymes and precursor are present 
but cell energy dynamics do not permit the reactions 
to go. 

That growth, per se, is not the explanation of fail- 
ure of the proximal section of the hypocotyl to form 
anthocyanin is indicated by the observation that the 
root tips of Impatiens balsamina seedlings (of proper 
genetic makeup) become bright red in light. In fact, 
Weber (16) states that the pigment is restricted to 
the meristematic cells, and some coloration appears 
even in darkness in the root tips. 

Since anthocyanin synthesis is so sensitive to a 
variety of chemical and physical factors, appearance 
or non-appearance of anthocyanin may be considered 
as potentially a physiological indicator. Further in- 
vestigations are in progress which include a study of 
a group of substances which affect anthocyanin syn- 
thesis (e.g. benzimidazole) and a group of substances 
which affect growth (e.g. maleic hydrazide). By ob- 
serving both pigment and morphogenetic responses to 
both types of compounds it is possible that infor- 
mation will be obtained providing some insight into 
the basis of autoregulation of anthocyanin synthesis 
and morphogenetic capacity. 


SUMMARY 


Preliminary investigations into respiration, epi- 
dermal hair and lateral root formation, and anthocya- 
nin synthesis in the hypocotyl of Impatiens balsamina 
are described in this paper. Specifically, these re- 
sponses (respiration excepted) were tested in 5 mm 
hypocotyl segments (cut from 50 mm hypocotyls) in 
light and darkness, in glucose and sucrose. Segment 
1 (nearest the cotyledons) is unique. It is the site 
of almost all growth in the hypocotyl, having been 
described as a pseudomeristem. It is the region of 
highest respiration rate, calculated on the basis of 
fresh weight, but on a per cell basis its respiration 
rate is lowest. Respiration, per cell, is maximal 
about eight to ten millimeters below the cotyledons. 


Among ten 5 mm segments representing a 50 mm 
hypocotyl, the upper segments form more epidermal 
hairs (hairs are absent from hypocotyls of intact 
seedlings). Hair formation is favored in darkness, 
and sucrose is more effective than glucose. The 
number of lateral roots formed is somewhat equiva- 
lent in most segments, but in glucose the number of 
roots produced by the lower segments decreased 
slightly in both light and dark. Roots appeared some- 
what earlier in sucrose than in glucose. In segment 
1, only, the number of roots formed in darkness was 
greatly reduced. 

Anthocyanin pigment does not form in excised 
hypocotyls of Impatiens even in light unless sugar 
is added. Thus the comparative effects of different 
sugars may be ascertained. Glucose was more ef- 
fective in promoting anthocyanin pigmentation than 
sucrose, as measured by the quantity of pigment 
present after 10 days of treatment. However, with 
respect to the onset of pigmentation in the lower seg- 
ments pigment actually appeared earlier in sucrose. 
The reverse was true in the upper segments which in 
all treatments become pigmented earlier. Much 
more pigment is formed in light with both sugars. 
Segment 1 is again unique in that while it is the first 
segment to form anthocyanin in the presence of light, 
it does not form appreciable anthocyanin in darkness 
even in the presence of sugar. 

Since anthocyanin pigmentation is so sensitive to 
various chemical and physical agents, and in balsam 
tissue the morphogenetic responses are so varied, 
Impatiens represents excellent material for the analy- 
sis of anthocyanins as indicators of metabolic con- 
ditions accompanying differentiation, an idea recent- 
ly expressed by Klein and Hagen (11). 
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PERSISTENCE & TRANSPORT OF FLOWERING STIMULUS IN XANTHIUM?! 
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Several different views concerning the properties 
of the flowering stimulus appear in the literature. 
In leaves of Xanthium the stimulus is reported to 
reach maximum effectiveness 13 to 15 hours from the 
beginning of the inductive dark period and to diminish 
rapidly as the dark period is prolonged (5,8). Re- 
exposure to high-intensity light following induction 
is asserted to be necessary both to stabilize the stim- 
ulus and to promote its translocation to the buds (3, 4, 
6,7). Other reports suggest that flowering may re- 
sult from an interaction between endogenous and en- 
vironmental rhythms (1, 2,4), and still others indi- 
cate that Xanthium can become florally induced in 
continuous darkness (7, 10). 

In the course of a study of the biochemistry of 
flower initiation, the persistence and transport of the 
flowering stimulus, as well as the critical require- 
ments for its generation, were examined quantitative- 
ly in single leaves of a strain of Xanthium pensyl- 
vanicum Wallr. that grows vigorously under 
continuous light at constant temperature. These con- 


' Received manuscript March 2, 1961. 
2 Contribution No. 684. 


ditions permitted greatly simplified experimental pro- 
cedures and afforded an opportunity to avoid diurnal 
fluctuations that might obscure details of the basic 
flowering behavior. The strong floral response in- 
duced under constant-environment conditions appear- 
ed to have no marked periodicity, which suggests that 
in Xanthium endogenous rhythms may not be directly 
involved with initiation of the biochemical reactions 
that lead to generation of the stimulus. 

Under certain circumstances, it was found that 
high-intensity light after induction may enhance the 
floral response. Significantly, however, such illumi- 
nation at the site of the florigenic reactions in the leaf 
is not a requirement for strong response. Since the 
postinduction reactions and transport of the stimulus 
do occur readily either in complete darkness or in 
dim light, the so-called second high-intensity light 
process (4,5) can scarcely be regarded as a funda- 
mental part of the mechanism of floral initiation. 


In the Xanthium leaf, adequately conditioned by 
light, initiation of the reactions leading to the flower- 
ing stimulus appears to depend only on the absolute 
length of a period of darkness. Although most of the 
stimulus results from an inductive dark period ex- 
tending from 9 hours to 16 hours, the evidence indi- 
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iz- cites that incremental amounts of the stimulus con- the burs were planted in vermiculite wet with nutrient 
g- tinue to form as the dark period is prolonged. Once solution C%, held for 3 days at 5 C, and transferred to 
il- formed, the stimulus is stable to either light or dark- the growth rooms. When the cotyledons were fully 
5¢, ness. expanded (5-6 days), the seedlings were transplanted 
to vermiculite in 46-oz lacquer-lined cans with drain 
a MarTERIALS & METHODS holes and topped with quartz gravel to prevent algal 
4: Xanthium plants were grown in controlled-en- ane. _ ae eae ee we eraaen-ne — 
E erp b light of 2.000 to 2.200 off since it has been found that decotylized plants, 
\D- pagieecaney ergs een garr gaa — oh ” oe although growing more slowly, develop into more 
1s, it-¢, at 24 + 0.6 C, and at 62 + 2% relative hu- uniform test specimens. Each plant was watered 
on, midity. The epee fluorescent light ee automatically five times daily with an excess of nu- 
plemented with incandescent light amounting to 3.5 % 7 
vias of the total measured by a selenium barrier-layer 
photocell. Purified air was supplied at the rate of as : ; a 
ina 5% of the room volume per minute, and recirculated oe solution : — = oe “ om 
its upwardly past the plants at four cycles per minute,  C®Mtrations in micromoles per iver: 4 ees 
ced onan calaiain were employed to sail chemi- 2,000; K* 5,400; Ha* 1; Fe* — 100; Mn** 10; 
~ , Znt++ 10; Cut+ 0.5; NH,+ 0.2; NO,— 14,000; SO,= 
cal pest control. ’ 2,011; PO,== 1,300; Cl- 100; BO,=~ 50; MoO,= 0.2 
Xanthium pensylvanicum burs were obtained from (equivalent basis of the salt ammonium heptamolybdate ), 
plants propagated in the open from burs kindly and EDTA== 100. The iron is present as a chelate with 
furnished by Prof. K. C. Hamner. After soaking for monosodium EDTA _ (ethylenediaminetetraacetic acid), 
10 minutes in 0.25% sodium hypochlorite solution, “Sequestrene NaFe”, Geigy. The pH is 5.1. 
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Fic. 1A. Xanthium test specimen. The donor leaf blade (upper left) is 90 to 120 mm in length; the receptor 
‘ shoot bud, about five millimeters. 
: Fic. 1B. Cover for the donor leaf. Air is passed up under a block of wet cellulose sponge to provide ventilation 
: and cooling. The leaf is supported out of contact with the cold sponge. Four paper-covered windows in the cover per- 


: mit a light level of 0.3 ft-c inside the box when the ambient light level is 2,000 ft-c. For induction of the leaf, the win- 
- dows are covered as shown. Stray light is excluded by seals of black Apiezon putty and black polyurethane sponge. 
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-trient solution C. During the next 2 weeks, about 

30% of the plants exhibited varying degrees of 
chlorosis due to the continuous-light constant-temper- 
ature regimen. These plants, consisting of varieties 
normally exhibiting brown speckles, were discarded. 
The remaining plants continued vigorous growth. 

To ensure as uniform and reproducible results as 
possible, particular care was taken in the preparation 
of standard test specimens. At 18 to 24 days after 
transplanting and immediately before testing, the 
plants were decapitated above the node selected for 
the D-R (donor-receptor) system. The D-R system 
comprises a leaf in which the flowering stimulus is 
induced and the bud of the shoot in its axil where the 
floral response is assayed. In addition to the D-R 
system, the next two lower leaves were retained, but 
all other leaves and buds were removed. 

The D-R system was located at the seventh, 
eighth, or ninth node. Maximum response resulted 
when the initial size of the donor leaf was such that, 
under the conditions described above, the leaf area 
increased two- to threefold in 6 days after the plant 
was trimmed. This behavior is consistent with Salis- 
bury’s findings (9), and required the initial length of 
the donor leaf blade at the midrib to be 95 to 125 mm. 

One or more noninduced leaves were found to 
exert a pronounced adjuvant effect on response to 
single-leaf induction by one dark period, and it is for 
this reason that the two noninduced leaves were re- 
tained. In experiments requiring early ablation of 
the donor leaf, the adjuvant leaves were found par- 
ticularly important for supplying the receptor shoot 
with the photosynthates needed for growth and floral 
development. <A typical test plant prepared for an 
experiment is shown in figure 1A. At the start, the 
receptor shoot bud is about five millimeters in length. 

Flower induction required that the donor leaf be 
completely darkened for a time longer than a critical 
minimum. The leaf cover consisted of an aluminum 
box 125 mm square by 65 mm deep closed by a shal- 
low lid sealed with black Apiezon putty and by a 
piece of black polyurethane sponge fitted to a slot for 
the petiole. Four small openings in the lid were 
covered with paper that had been shaded with lead 
pencil to provide an interior light level of 0.3 ft-c 
when the ambient light was 2,000 ft-c. These win- 
dows were covered except when dim light was re- 





Fic. 2. 


Floral response of Xanthium to single dark break followed by 5 days of bud development. 
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quired to prevent or stop induction. A light level k 
than 0.1 ft-c has proved sufficient to prevent flo: 
initiation. 

The box was ventilated by a stream of air pass: 
through at a rate of about one liter per minute. He 
from absorbed radiation necessitated local cooli: 
and this was accomplished by passing the ventilati: 
air under a grooved cellulose sponge saturated wi 
water in the bottom of the box. The leaf was su; 
ported out of direct contact with the cold sponge 
The indicated air flow maintained the space arom 
the leaf close to 24 C (fig 1B). 

Floral response was evaluated by dissecting the 
buds on the receptor shoot and rating them according 
to Salisbury’s scheme to the nearest half stage num- 
ber (9). The standard procedure was to dissect 144 
hours (6 days) after the beginning of the inductive 
dark period. However, in the first experiments (fig 
2), for reasons given later, dissection was done 5 days 
after the end of the dark period. The first and 
fourth buds of the receptor shoot frequently are not 
completely aligned with the vascular elements of the 
donor petiole, and probably as a consequence their 
response often is weak or erratic. Accordingly, only 
the values of the favorably oriented buds were used. 
These were usually the second, third, and terminal 
buds. Mean values of the flowering stage, plotted 
as the floral response curves in figures 2 to 7, provide 
an index of the relative strength of the stimulus gen- 
erated in donor leaves under various conditions. Sta- 
tistically significant response was determined as the 
range at the 95% probability level calculated from 
the standard error of the mean and the “t” function. 


Resutts & Discussion 


FLOWERING OF XANTHIUM IN RESPONSE TO 
SINGLE DarK BREAKS IN Continuous Licut Fot- 
LOWED BY 5 Days oF Bup DEVELOPMENT: The con- 
tinuous-light strain of Xanthium suggested the possi- 
bility of obtaining more significant quantitative re- 
lationships between flowering response and induction 
conditions than heretofore has been feasible. The 
literature has indicated that the flowering stimulus is 
not normally transported out of the leaf following 
dark induction until after re-exposure to high-intensity 
light (4). Accordingly, our first experiments were 
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5 The buds 


were dissected exactly 5 days from the end of the inductive dark period and were evaluated according to Salisbury’s 


scheme to the nearest half stage number. 


The vertical lines represent the range of mean response at the 95 % prob- 
ability level calculated from the standard error of the mean and the t function. 


The donor-receptor systems were lo- 


cated at nodes 7, 8, or 9. Since, as shown by later experiments, the flowering stimulus moves out of the leaf in the 
dark, the advanced floral stages associated with the longer induction periods result largely from longer development 
time rather than from stronger stimulation. Number of buds dissected: 263. 

Fic. 3. Floral response following post-induction development in high-intensity light. The buds were dissected and 
evaluated exactly 6 days from the beginning of the dark period. The flowering stimulus is seen to move out of the 
leaf during the dark period. Number of buds dissected: 390. 


Fic. 4. Floral response following post-induction development in dim light. 
induction development tends to be lower than that with high-intensity light. 


The response level with dim-light post- 
Number of buds dissected: 200. 





FLORAL STAGE 





FLORAL STAGE 


FLORAL STAGE 








SEARLE—FLOWERING STIMULUS IN XANTHIUM 659 
























































































































FIGURE 2 A 
es T Ser 
ao FIGURE 5 ne 
8 5 T T T T T ils T T T 
7 7 4 
DARK LIGHT 2 
rT i ~ i “ 
F 3 , 
= a. <= 
e 3 = 7 
4 
a = ab 4 
c 4 | 
z S 
t- 3 5 4 
7 i 6d. > 
—o_ || 
ar 2r ' <— Cut Off | = 
2000 ft-c Dork 2000 ft-c 
IF Ll L 4 
n 1 1 4 if n 1 1 .— 1 i 1 i | ee | 1 1 1 
° 10 20 30 40 50 60 70 «680 90 140 ° 10 ‘6 o 30 40 50 60 70) «60 «6120 «6130 )«=—140 
BRST GF CAE CEES & aeees HOURS FROM BEGINNING OF DARK PERIOD TO REMOVAL OF D 
FIGURE 3 An 
ma i T T i T T 0 T -_ © 
at J o@_FIGURE 6 alia 
8 sate T T i ni me T T T 
| 
7 4 Te 1 4 
DARK | DIM LIGHT 
6F ~ Ce } 4 
ro 
w 
at 
> 5 - < 5 a ; 4 
~) ” 1 - 
sr 24 f 4 
J 
. S 
+ 7 7 64 > | 
| *——_—_—_—— 64. ——___> ’ 
2 4 2+ | coon) 4 
ooo sr ——— 5 8 Cut Off | 
ik 2000 ft-c Dork 2000 ft-c - it ; | 2000 ft-c Dark 0.3 ft-c sited 
L =| 
i 1 1 1 1 1 a 1 i 1 1 1 ’s * | La, A st i 1 i ry 
0 10 20 3 8640 = «650 60 70 ie 120 130 140 ° 10 167° 30 40 50 90 100 110 120 130 140 
CENSTH OF GARY: RENIOD I! HOUNS HOURS FROM BEGINNING OF DARK PERIOD TO REMOVAL OF D 
FIGURE 4 ae 
T T T T T T T re T T 
FIGURE 7 a 
sr 4 8 T T T T ae T T eT 
Te = Tr 4 
- DARK 
6 + - = 4 
3 > 
w 
x 5h + 4 3 5S- 4 
ae = 
2 & 
s 4 ao 4 
od <= 
u °o 
3+ |4 2 3+ = 
64. ——w | 
2 “ ae 2 J 
2000 ft-c Dork 0.3 ft-c 
' 4 LD = 
1 me 1 1 4 a L i‘. 4 eee | 1 1 1 l Ny 
i] 10 20 30 40 50 60 70 120 130 140 ° to 1620 30 40 «8006—6760)~«=06700S 80s 900 140 
LENGTH OF DARK PERIOD IN HOURS 


HOURS FROM BEGINNING OF DARK PERIOD TO REMOVAL OF D 


Fic. 5. Effect of high-intensity light on the postinduction processes. Following a 16-hour induction period, the 
donor leaf D was given 2,000-ft-c light and cut off at various time intervals. The receptor buds were dissected and 
rated at exactly 6 days from the beginning of the inductive dark period. Translocation does not become effective until 
about 22 hours from the beginning of induction or 6 to 8 hours after the donor leaf is re-illuminated. Number of buds 
dissected: 146. 

Fic. 6. Effect of dim light on the post-induction processes. This experiment is similar to that of figure 5 except 
that the postinduction illumination level was reduced to 0.3 ft-c. Number of buds dissected : 167. 

Fic. 7. Effect of darkness on the post-induction processes. In this experiment the donor leaf was maintained in 
complete darkness until it was cut off. Movement of the flowering stimulus out of the donor leaf appears to occur at 
about the same time regardless of postinduction illumination. Number of buds dissected: 213. 
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designed to evaluate the relative effectiveness of 
various conditions for flower initiation by comparing 
the floral stages of the receptor buds after develop- 
ment under identical environmental conditions for 
exactly 5 days measured from the end of the inductive 
dark period. It was anticipated that the curve repre- 
senting magnitude of floral response versus length of 
inductive dark period would reach a maximum at 
about 15 hours and thereafter decline (5,8). 
Contrary to expectation, however, the response, after 
increasing sharply between 9 and 15 hours, continued 
generally upward and remained at a high level for 
dark periods as long as 144 hours, the longest induc- 
tion time employed (fig 2). The absence of perio- 
dicity in the level of response suggests that the bio- 
chemical reactions in the leaf that lead to generation 
of the flowering stimulus may be quite independent of 
the influences of endogenous circadian rhythms. 
Rhythmic effects appear to have been damped out by 
the steady-state growing conditions. It is obvious 
that the flowering stimulus not only suffers no atten- 
uation as the dark period is prolonged beyond 15 
hours, but instead, appears to increase. Note that 
response capacity is about saturated at stage 8. 

The following explanations might account for 
these results: A: Flower initiating substances may be 
generated continuously in the leaf throughout the dark 
induction period, at the end of which the accumulated 
factors may be transported to the buds under the in- 
fluence of light. B: The stimulus may translocate 
readily in the dark following the threshold induction 
time. In this case, advancement in floral stage would 
result from the lengthened time allocated to bud de- 
velopment as the dark period is extended rather than 
from increasing strength of stimulation. Further 
experiments were aimed at elucidating these points. 


NANTHIUM FLOWERING RESPONSE WiTH Post- 
DARK PERIOD IN HIGH-INTENSITY Licut & Bup Dis- 
SECTION AT 6 Days From Start oF INDUCTION: 
Donor leaves of standard test specimens were dark- 
ened for various periods of time up to six days. In 
contrast to the previous experiment, dissection of the 
receptor buds was, done at the end of exactly 6 days 
from the start of the dark period. Thus, if the 
flowering stimulus moved out of the leaf at about the 
same time in either light or darkness, the buds would 
receive approximately the same development time fol- 
lowing receipt of the stimulus. One factor that might 
be expected to affect bud development significantly is 
the photosynthate contribution from the donor leaf 
itself. This contribution would vary depending on 
the length of the high-intensity light period following 
dark induction. However, the diminishing flow of 
photosynthates from the donor leaf as its postdark 
high-intensity light period is shortened should be 
compensated to a large extent by nutritive contribu- 
tions from the two adjuvant leaves, which remain 
exposed to light. Accordingly, the stage of floral 
development should provide a relative measure of the 
strength of the flowering stimulus. 


The results shown in figure 3 support the follow 
ing conclusions : 

I. The flowering stimulus is transported readil) 
in the dark. If it were immobilized in the leaf unti! 
illuminated, the response curve would decrease fron 
a maximum value to zero as the dark period is ex- 
tended to the time of dissection at 6 days. Thus it i 
evident that a postinduction high-intensity ligh 
process is not a requirement for either generation 01 
transport of the flowering stimulus. 

II. The flowering stimulus is stable either in th 
light or in the dark. Light instability would result 
in low response during the early phase of the curve 
followed by increasing response toward the end. 
Dark instability would be shown by marked attenua- 
tion of the response as the dark period is extended; 
the floral rating at 144 hours should be significantly 
less than at 24 hours. 

III. The critical inductive dark period for the 
continuous-light strain of Xanthium lies between 8.5 
and 9.0 hours at 24C. This value is the same as that 
reported in the literature for Xanthium growing 
under normal daily photoperiods (5). 

These experiments provide a clear demonstration 
that triggering of floral initiation in this strain of 
Xanthium depends only on the absolute length of a 
single dark period. This fact is in accord with the 
view that complete darkness initiates in the leaf a 
sequence of biochemical reactions which produce a 
critical level of factors that comprise either the floral 
stimulus itself or its precursors. 

XANTHIUM FLOWERING RESPONSE WITH Post- 
DARK Prrrop In Dim Licut & Bup DISSECTION AT 
6 Days From Start oF INpuctTiIon: The procedure 
of the previous experiment was followed except that 
0.3-ft-c light was used for the postinduction phase. 
This light level is sufficient to prevent initiation of 
the reactions that lead to flowering, and yet it is only 
10~* that of the compensation point (350 ft-c), which 
we have determined for a donor-type Xanthium leaf 
under similar conditions. The floral response curve 
of figure 4 suggests that the postinduction processes 
leading to the flowering stimulus proceed as well in 
dim light as in high-intensity light. The generally 
lower level of response in dim light is consistent with 
the idea that dim light stops further production of 
stimulus and does little to promote bud development. 
Postinduction high-intensity illumination of the donor 
leaf may be promotive only because photosynthesis 
products stimulate faster growth of the buds. The 
total effect of the adjuvant leaves does not entirely 
make up for loss of the post-induction contributions 
of the donor leaf. 

POSTINDUCTION REACTIONS & TRANSPORT OF 
XANTHIUM FLOWERING StTiMuLusS: The relative 
effects of high-intensity light, dim light, and darkness 
on the postinduction processes of the donor leaf were 
ascertained by determining the floral response when 
the donor leaf was cut off at various time intervals 
after a 16-hour inductive dark period. Within ex- 
perimental error, the stimulus moved out of the leaf 
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at about the same time, i.e., within 8 to 10 hours after 
the end of the induction period, irrespective of the 
postinduction light treatment (figs 5,6,7). This re- 
suit is a further demonstration that the so-called 
second high-intensity light process is not a basic re- 
quirement for floral induction of Xanthium. There 
is no indication of decay of the stimulus during pro- 
longed darkness or dim light. The general level of 
the response curve suggests that incremental amounts 
of flowering stimulus may continue to form during 
the extended dark period. Dim light merely stops 
this process, as does high-intensity light, but the 
latter promotes more rapid bud growth with resultant 
higher floral rating. 

The floral response curves of figures 5, 6, and 7 
clearly show the existence of postinduction processes 
that occur during a definite time interval, i.e., 6 to 8 
hours, between the end of an adequate dark period and 
the beginning of translocation. These processes, un- 
like the dark induction reactions, appear to be essen- 
tially light-independent, and they may include reac- 
tions in the leaf, translocation, and processes of the 
bud. 


PostTINDUCTION LicHtT EFFECTS ON XANTHIUM 
FLOWERING RESPONSE: The effects of high-intensity 
light, dim light, and darkness on the postinduction 
reactions of the donor leaf following a 16-hour in- 
ductive dark period are shown in figure 8. In ex- 
periments a, b, & c, the donor leaf (D) was cut off 


POSTINDUCTION LIGHT EFFECTS ON FLOWERING 
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Fic. 8. Influence of postinduction illumination on 
flowering. The floral response range is shown with the 
error of the mean calculated at the 5 % probability level. 


at the end of 48 hours from the beginning of induc- 
tion to avoid the influences of subsequent donor leaf 
reactions, such as photosynthesis, on receptor bud de- 
velopment. The data show that floral response is 
stronger in both darkness and high-intensity light 
than in dim light (compare a and c with b). High- 
intensity light promotes growth of the receptor buds, 
and accordingly, the floral rating of a would be ex- 
pected to surpass that of c. That this is not the case 
strongly implies a continuing synthesis of flowering 
stimulus during the dark period extending beyond 16 
hours. The floral response shown in b is considered 
the approximate base level resulting from the stimula- 
tion of a 16-hour induction period. Increased re- 
sponse by postinduction high-intensity light may be 
due to photosynthetic and associated metabolic ac- 
tivity of the donor leaf (a). The increase resulting 
from continued darkness must be due to further pro- 
duction of flowering stimulus (c). 

When the donor leaf is retained beyond 48 hours 
and is exposed to high-intensity light, significant dif- 
ferences tend to be obscured by the strong promoting 
effect of light on bud growth during the intervening 
4-day period prior to dissection (d, e, & f). Con- 
tinued production of stimulus in prolonged darkness 
again is indicated by comparing experiment h with 
g. However, there is no significant loss or gain in 
floral response when the dim-light period is extended 
(compare g with b). Increase in response when the 
postinduction high-intensity light period is extended 
to 6 days must be due to promotion of receptor bud 
growth (compare d with a, e with b, f with c). ° Be- 
yond 48 hours, continued darkness makes little or no 
significant contribution to the response (compare h 
with c). 

These results suggest a relatively simple picture 
of the induction and translocation characteristics of 
the flowering stimulus in Xanthium. The florigenic 
reactions are initiated by a dark period longer than 
8.5 hours and continue for some time as the dark 
period is prolonged. Postinduction processes, in- 
cluding transport, are essentially light-independent. 
It is probable that the adjuvant leaves play an im- 
portant role in supplying substrates for the postinduc- 
tion reactions. 


SUMMARY 


The persistence and transport of the flowering 
stimulus, as well as the critical requirements for its 
generation, have been characterized in a strain of 
Xanthium pensylvanicum that grows vigorously under 
continuous high-intensity light at constant tempera- 
ture. The strong flowering response that can be in- 
duced under these conditions by a single dark period 
exhibits no marked periodicity. It is concluded that 
endogenous rhythms are not directly involved with 
initiation of the biochemical reactions that lead to 
generation of the stimulus. 


Floral response in Xanthium growing under con- 
tinuous high-intensity light is governed only by the 
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‘absolute length of a dark break. Most of the flower- 
ing stimulus is produced between the 9th and 16th 
hours of darkness. However, incremental amounts 
of the stimulus continue to form as the dark period is 
prolonged. The flowering stimulus appears to be 
stable to high-intensity light, dim light, or darkness. 

Re-exposure of the leaf to light following an in- 
ductive dark period is not required for strong re- 
sponse. Accordingly, the so-called second high-in- 
tensity light process cannot be a fundamental part of 
the mechanism of floral initiation. The postinduc- 
tion processess, including transport, are essentially 
light-independent. 
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RESPONSES TO GIBBERELLIN OF LIGHT-REQUIRING SEEDS 
OF LETTUCE & LEPIDIUM VIRGINICUM ! 


VIVIAN K. TOOLE & H. M. CATHEY 
Crops RESEARCH Division, AGRICULTURAL RESEARCH Service, U. S. DEPARTMENT OF AGRICULTURE 


Many workers have shown that lettuce (7,9, 12, 
13, 14, 15,17) and other photosensitive seeds (8, 16, 
20,23) can be caused to germinate in the dark by 
treatment with gibberellic acid. Previous work (24) 
indicates how light and temperature, singly and in 
combination, can control germination of seeds. The 
present studies were made to determine whether gib- 
berellin could modify the response to light or temper- 
ature or to light and temperature interactions. 

The response to light of lettuce (Lactuca sativa 
L.) and Lepidium virginicum L. seeds used in these 
studies is known (3, 25,26). Reference to other 
pertinent gibberellin studies is made later. 


MatTeERIAL & METHODS 


Seeds of Lepidium virginicum L. were harvested 
from plants grown in 1957 in the greenhouse at Belts- 
ville, Md.; Grand Rapids variety of lettuce? of the 
1952 harvest, and Great Lakes variety of lettuce’ of 
the 1954 harvest also were used in these studies. 
These seed bulks were stored dry in sealed jars at 
—12C. These seeds were selected because the 
germination responses to light and temperature were 
known; Lepidium was the same species and Grand 
Rapids was the same sample as that used in the light 
studies reported previously (3, 25, 26). 

Seeds were planted in petri dishes on a double 
thickness of Whatman No. 2 filter paper wetted with 
7.5 ml per dish of gibberellin solution, other indicated 
chemicals, or distilled water. Water controls were 
included in all experiments. The dishes were im- 
mediately placed between several layers of black cloth 
on trays in germination chambers controlled within 
+0.5C. The 100 seeds planted per dish are referred 
to in this paper as seed “lot”. The imbibed seeds 
were held in darkness except for the period of ex- 
posure to light and/or during transfer of seeds from 
one substratum to another. The imbibed seeds were 
transferred with a spatula. Transfer was done ap- 


1 Received March 3, 1961. 
2 Secured through the courtesy of Mr. F. G. Cuthbert- 
son of the Ferry-Morse Seed Co., Mountain View, Cal. 
8 Secured through the courtesy of L. R. Hawthorn, 
Crops Research Division, Logan, Utah. 


proximately three feet from a safe lamp consisting of 
a single 20-w fluorescent tube covered with a green 
gelatin filter (29). 

Except in two experiments involving temperature 
studies, the Lepidium seeds were maintained at 20 C 
for approximately 22 hours followed by 2 hours at 
35°, and then were returned to 20° (designated as 
20°/35°/20°). In some experiments the period at 
20° before the high temperature was longer than 22 
hours and this fact is then mentioned. The 
20°/35°/20° temperature combination gave full pro- 
motion of Lepidium seeds exposed to red light im- 
mediately preceding or following the 2-hour period 
at 35° (26). The lettuce seeds were germinated at 
25°. This temperature was selected instead of 20° 
reported in the light studies (3) because the seeds 
had changed sufficiently during the 4 years of storage 
since those studies were made to give a rather high 
germination in darkness at the latter temperature. 

The seeds were exposed to red light obtained by 
filtering the light from a bank of 2 or 18 ninety-six- 
inch T8 slimline cool white fluorescent tubes through 
two layers of red cellophane. The seeds were placed 
1.1 or 2 m from 2 tubes or 1.1 m from 18 tubes. -The 
intensities in the region 5,800 to 6,950 A, at the level 
of the irradiated seeds were 700, 300, and 6,000 
ergs/cm?/second, respectively. 

Short exposures to far-red radiant energy were 
obtained by filtering the light from three 300-w in- 
ternal reflector incandescent-filament lamps through 
two layers each of red and of blue cellophane and 
about six centimeters of water. The seeds were 
placed 1.1 m from the radiation source. The intensity 
in the region 6,950 to 7,900 A was 7,500 ergs/cm?/ 
second at the level of the irradiated seeds. -Continu- 
ous exposure to low intensity far red was obtained 
by filtering the light from a bank of 12 cool white 
fluorescent tubes through two layers of blue cello- 
phane which transmitted far-red and blue radiations 
of the source. Far-red and blue radiations were thus 
available, but previous light studies on seeds (3) 
had shown that the blue light was relatively ineffec- 
tive. 

In general, the germinated seeds of Lepidium were 
counted 5 to 7 days after the shift to high temper- 
ature and those of lettuce were counted 3 days after 
planting. : 
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Gibberellins A,, A,, and A,* were applied as the 
acid and gibberellin A, (gibberellic acid or GA) as 
the acid® or the potassium salt® in aqueous solutions. 
In preliminary experiments with gibberellin Ag, 
ethanol (0.01 m in the final solution) was used to 
dissolve crystals of gibberellin. The germination of 
seeds of both lettuce and Lepidium in the ethanol 
controls, however, was greatly enhanced over that 
in the water controls. Because of this promoting ef- 
fect, ethanol was not used to prepare the gibberellin 
solutions. Aqueous solutions were prepared by con- 
tinuously agitating the crystals for several hours in 
warm distilled water. Solutions were used on the 
day of preparation or were held at 5C and used 
within 1 or 2 days after preparation. The concen- 
trations of the solutions are indicated for each ex- 
periment. 

Citrate-phosphate-buffered solutions were prepared 
by combining different volumes of 0.005 m citric acid 
and 0.01 m disodium phosphate. The pH 3.2 buffer 
was prepared by combining 3 volumes of 0.005 m 
citric acid and 1 volume of 0.01 m disodium phosphate. 
The resulting solutions, although weakly buffered, 
were adequate for the experiments. Buffers prepared 
from solutions more concentrated than 0.01 mM were 
toxic to the seeds. 


4 Obtained from Y. Sumiki, Dept. Agr. Chem., Univ. 
Tokyo, Tokyo. 

5 Obtained from Eli Lilly and Co., Indianapolis, Ind. 

6 Obtained from Merck and Co., Inc., Rahway, N. J. 
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RESULTS 


ForMs OF GIBBERELLIN: Gibberellins A,, A., A,. 
and A, at concentrations of 10-7 to 107-2 m wer 
tested for their effects on the germination of Gran 
Rapids lettuce seeds. Gibberellins A,, A;, A,, an 
A, were effective for promoting germination in tota 
darkness in the order listed (fig 1). Gibberellin A 
was used, however, in all the remaining experiment: 
reported because of the limited supply of A,. 


CONCENTRATIONS OF GIBBERELLIC AciD: When 
treated with aqueous solutions of gibberellic acid, 
light-requiring seeds of Grand Rapids lettuce, and of 
Lepidium germinated completely in total darkness. 
The curves (fig 2) show that individual seeds within 
the lettuce population varied more in their require- 
ment for gibberellin than did seeds of Lepidium. The 
optimum concentration for maximum germination 
did not differ greatly for the two seed kinds: 107° » 
for lettuce and 2.5 x 10~° m for Lepidium. At con- 
centrations immediately above these levels, radicle 
lengths of the seedlings were reduced. At still higher 
levels very abnormal development occurred; the 
embryos of all seeds broke through the seed coats 
with no development of the radicles. Such abnormal 
development is common for toxic concentrations of 
chemicals. 


DuRATION OF GIBBERELLIN TREATMENT: Lepidi- 
um seeds were held in darkness at 20C on distilled 
water for 22 or 46 hours plus 2 additional hours at 
35°. At the end of the high-temperature treatment, 
the seeds were transferred to a substratum wetted 
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Fic. 1. Percentage germination in total darkness at 25 C of Grand Rapids lettuce seeds imbibed with different 


forms of gibberellins at various concentrations. 


Fic. 2. Percentage germination of Lepidium and of Grand Rapids lettuce seeds in total darkness at 20/35/20 
and 25C, respectively, with indicated concentrations (—Log m) of aqueous solutions of gibberellic acid. 
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with gibberellic acid (2 x 10~* m)for 1 to 48 hours 
(jig 3), and then returned to distilled water. 

Seeds treated 8 hours with gibberellic acid germi- 
nated above those in the continuous water controls. 
The amount of promotion was greater as the total 
hours on gibberellic acid were increased from 8 to 
24 to 48 hours. 


Continuous GA Control 
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INTERACTION OF GIBBERELLIN & TEMPERATURE: 
For two experiments of the effects of gibberellic acid 
on response to temperature, Lepidium seeds were 
held in darkness on a substratum moistened with 
2 X 10-* m gibberellic acid or with distilled water. 

In the first experiment seeds were held at 20 C on 
moistened substratum in darkness 24 hours before half 
of the gibberellin lots and half of the water lots were 
exposed 10 minutes to red light (6,000 ergs/cm?/ 
sec). All lots were then transferred to 35°. After 
2 to 120 hours, two lots of light-promoted seeds and 
two lots of non-light-promoted seeds were returned 
to 20°. 

Water-imbibed Lepidium seeds held 2 hours at 
35 C either before or after exposure to light germi- 
nate 100 % when transferred to 20° (26). Germi- 
nation was reduced to 4% if the seeds were held at 
35° for 24 hours. Seeds held longer at 35° retained 
their viability but failed to germinate (table I). 
When the temperature was lowered to 20° high per- 
centages of the seeds treated with gibberellin germi- 
nated even though they had been held as long as 120 
hours at 35°. 

In the second experiment, Lepidium seeds were 
held in darkness at constant temperatures of 15, 20, 
25, and 30C. Controls were run at 20°/35°/20°. 
After 24 hours half of the gibberellin lots and half 
of the water lots were exposed 64 seconds to red light 
(700 ergs/cm?/sec). The other lots were maintained 
as dark controls. 

Lepidium seeds germinated over a broader tetm- 
perature range either in total darkness or after pro- 
motion by red light if treated with 2 x 107° m gib- 
berellic acid rather than with water (table ITI). 
Lepidium seeds on a substratum wetted with water 
germinated below 5% at constant temperatures of 
15, 20, 25, and 30 C when given the same energy of 
light that caused approximately 50 % of the seeds to 
germinate at 20°/35°/20°. Gibberellin-treated seeds 
germinated completely or practically so in 14 days at 
15° and 20° and much higher than those wetted with 
water at 25°. 


INTERACTION OF GIBBERELLIN & RADIATION: 
High percentages of Lepidium seeds saturated with 
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Fic. 3. Percentage germination of Lepidium seeds in 
total darkness at 20/35/20 C after exposure to gibberellic 
acid (2X10-2M) for periods indicated following 22 or 
46 hours of imbibition at 20° plus 2 hours at 35°. 

Fic. 4. Percentage germination of Lepidium seeds at 
20/35/20 C with 10-2™ gibberellic acid (broken line) 
and with water (solid line) following various seconds 
of exposure to red light. 

Fic. 5. Percentage germination of Grand Rapids let- 
tuce seeds at 25C with gibberellic acid and with water 
following 240-second exposure to red light (6,000 ergs/ 
cm?/sec) and then seconds of far red as indicated. Open 
star, gibberellic acid 10-2 Mm; closed star, gibberellic acid 
10-4m; closed circle, water. Solid lines serve as the 
appropriate controls. 
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TABLE [ 


INTERACTION OF GIBBERELLIC Acip, Rep Licut, & DurATION oF HIGH TEMPERATURE ON 
GERMINATION OF LEPIDIUM VIRGINICUM SEEDS AT 20/35/20 C 








So_uTIon & LIGHT 








TREATMENT 2 24 
Water: 
Dark 0-0 0-0 
Light* 100-100 3-5 
2x10-?m GA: 
Dark 98-99 99-99 
Light* 100-100 100-94 


*10 minutes red (6,000 ergs/cm?/sec). 


red light (25, 26) or treated with 2.5 x 107° m gib- 
berellic acid germinated in total darkness. There- 
fore to measure any interaction, these two factors had 
to be reduced below the levels independently causing 
high germination. Seeds held on a substratum wetted 
with 10-* m gibberellin or water were exposed for 
various seconds to red light (300 ergs/cm?/sec) at 
the end of the high-temperature treatment. At any 
given energy of irradiation a higher proportion of 
gibberellin-treated than of water-treated seeds re- 
sponded to red light but the data are inadequate to 
indicate whether the effects are synergistic or addi- 
tive (fig 4). 

On the 7th day some of the seeds treated with a 
sub-optimal concentration of gibberellin and irradi- 
ated at a sub-optimal energy level had split the seed 
coats, but the radicles had not emerged. This delay 
in germination does not exist if seeds are saturated 
with light or treated with an optimum concentration 
of gibberellin. 

Far-red radiation can nullify the promoting action 
of red on water-imbibed seeds (3, 25,26). The ef- 


& GERMINATION OF SEEDS HELD FOR INDICATED NUMBER OF hours at 35 C 





48. 72 96 120 

0-0 0-0 0-0 0-0 

0-0 0-0 0-0 0-0 
93-96 100-100 85-86 88-89 
99-100 99-100 82-67 87-78 





fects of far red on germination of gibberellin-treated 
seeds were determined by treating lettuce seeds with 
10~4 and 10~* gibberellic acid and Lepidium seeds 
with 10~° and 2 X 107% mM. After 2 hours in dark- 
ness for lettuce and the high temperature treatment 
for Lepidium, gibberellic acid and water-treated seeds 
were exposed 4 minutes to red light (6,000 ergs/cm?/ 
sec). Immediately thereafter the seeds were ex- 
posed, as indicated in figure 5 for lettuce, 0 to 480 
seconds to far-red radiation (7,500 ergs/cm/*sec). 
They were returned to 25 and 20C and the ones 
germinated were counted 5 and 8 days later (lettuce 
& Lepidium, resp.). 

The lettuce seeds partially promoted by gibberellin 
were inhibited to or below their dark controls (fig 
5) and those of Lepidium almost to their dark con- 
trols (not shown). The difference in germination 
between 480 seconds’ exposure and the dark controls 
is significant at the 5% level. We do not attach 
biological significance to this difference, however. 
The lettuce and Lepidium seeds fully promoted by 
gibberellin were not inhibited by short exposures to 
far red. 


TABLE II 


INTERACTION OF GIBBERELLIC Acip, Rep Licgut, & TEMPERATURE ON 
GERMINATION OF LEPIDIUM VIRGINICUM SEEDS 











SoLuTION & LIGHT Days OF pee eG 
TREATMENT GERMINATION 15 
Water: 
Dark 7 0-0 
Light* 7 2-3 
2x10-3m GA: 
Dark 7 53-50 
Light* 7 77-72 
Water: 
Dark 14 0-0 
Light* 14 0-1 
2x10-3m GA: 
Dark 14 93-99 
Light* 14 98-94 





*64 seconds red (700 ergs/cm?/sec). 
** Most of remainder with split seed coats. 


100-100 


% GERMINATION OF SEEDS HELD AT INDICATED temp (°C) 





20 25 35 20/35/20 
0-0 0-0 0-0 0-0 
3-1 1-1 0-0 54-44 

83-89 40-34 0-0 99-99 

88~95 43-46 0-0 100-98 
0-0 0-0 0-0 0-0 
1-7 0-1 0-0 44-4] 

99-100 30-30** 0-0 100-100 


0-0 100-100 
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SECONDS OF FAR RED(7000 ergs/ cm2/sec) 


Percentage germination of Grand Rapids lettuce at 25C under continuous far red (A) and during 2 


additional days in darkness (B) with 2 concentrations of gibberellic acid (10-*m and 10-3m). The appropriate 


controls are indicated. 


Fic. 7. Percentage germination of Lepidium and of Grand Rapids lettuce seeds in total darkness at 20/35/20 
and 25(C, respectively, with indicated concentrations (—Log M) of buffered (citrate-phosphate buffered to pH 3.2) 


and unbuffered aqueous solutions of gibberellic acid. 


Fic. 8. Percentage germination of Lepidium seeds at 20/35/20C with citrate phosphate buffer (pH 3.2) and 


with water following indicated seconds of exposure to red light (700 ergs/cm?/sec). 


Fic. 9. Percentage germination of Lepidium seeds at 20/35/20C with citrate phosphate buffer (pH 3.2) and 
with water after exposure for 512 seconds of red (700 ergs/cm?/sec) followed by indicated seconds of far red 


(7000 ergs/cm?2/sec). 
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We tested the influence of continuous exposure to 
low intensity far red on lettuce seeds treated with the 
same two concentrations of gibberellin. Seeds of the 
variety Great Lakes were included because water- 
imbibed seeds of this variety behave like gibberellin- 
promoted Grand Rapids seeds—they germinate in the 
dark. The Grand Rapids water controls were ex- 
posed 4 minutes to red light (6,000 ergs/cm?/sec) 
after a dark period of 1 hour. They were then placed 
under continuous far red. All other lots except the 
dark and unfiltered light controls were placed under 
continuous far red immediately after planting. Four 
replicates for each solution treatment for each variety 
were left under continuous far red for 1 to 9 days as 
indicated for Grand Rapids in figure 6. At the end 
of these continuous far-red periods, two replicates 
were withdrawn and the germinated seeds counted 
immediately. At the same time two replicates were 
withdrawn and placed in total darkness and the num- 
ber germinating after two additional days recorded. 

Light-promoted Grand Rapids (fig 6) and non- 
light-promoted Great Lakes lettuce seeds (not shown) 
imbibed on a substratum wetted with water were 
completely inhibited in germination by continuous far 
red. Less than 5% of the seeds germinated after re- 
moval to darkness (not shown). Grand Rapids and 
Great Lakes lettuce seeds treated with 10~* m gib- 
berellin were prevented by‘ continuous far red from 
germinating during the first 2 days. After removal 
from far red, seeds of Grand Rapids lettuce germi- 
nated completely, and those of Great Lakes increased 
markedly in germination. Such gibberellin-treated 
seeds, given far red for 7 to 9 days, germinated com- 
pletely or practically so while under the continuous 
far red. Thus, far red delays but does not prevent 
germination in the presence of gibberellin. 

The germination of seeds from these same varie- 
ties treated with 10~* m gibberellin was inhibited by 
continuous far red much below their dark controls 


(fig 6). 


Errect oF Burrers: The acid or the potassium 


salt of gibberellin was effective on Grand Rapids | :t- 
tuce seeds, but the acid only was effective on Lepi:i- 
um seeds (results not given). The effect of pH on 
the activity of the potassium salt was investigated. 
Citrate phosphate was used to give buffered soluti: ns 
of the potassium salt of gibberellin with various »H 
values. Controls were run with water, with 1n- 
buffered potassium salt, and with the acid of gib- 
berellin. The concentration of 107% m of gibberel- 
lin was used. Tests were made in total darkness and 
with an exposure to light (700 ergs/cm?/sec). 

When buffered to pH 3.5, the potassium salt of 
gibberellic acid acted in the same manner as gib- 
berellic acid (table IIIT). With a higher pH the 
number of seeds promoted to germinate was lowered. 
Solutions of lower pH were not used because tiiey 
prevented elongation of the radicles. The light 
energy used was calculated to give approximately 
50 % germination of water controls. With the same 
light intensity, citrate phosphate buffer alone caused 
an additional 36 % to germinate. In total darkness 
citrate phosphate buffer had no effect unless combined 
with gibberellin. 

These results with buffered solutions of the potas- 
sium salt of gibberellin suggested that a solution 
combining citrate phosphate buffer and gibberellic 
acid might be more effective than gibberellic acid 
alone. Such combined solutions at pH 3.2 were 
prepared with concentrations of gibberellic acid from 
10-® to 10-2 m. Buffered solutions of gibberellic 
acid were effective at lower concentrations of gibberel- 
lin than unbuffered ones in causing lettuce and 
Lepidium seeds to germinate in the dark (fig 7). 

The results given in table III also suggested that 
citrate phosphate itself at pH 3.2 modified the light 
action. The effect of light on the germination of 
Lepidium seeds treated with distilled water or citrate 
phosphate buffer (pH 3.2) was determined. After 
the 35 C treatment, two lots each from the water and 
buffer treatments were irradiated with red light (700 
ergs/cm?/sec) as indicated in figure 8. The remain- 
ing seeds were all given 512 seconds of red light and 


TABLE III 


GERMINATION OF SEEDS OF LEPIDIUM VIRGINICUM WITH DIFFERENT ForMs OF GIBBERELLIC ACID 
WirH pH ApjusTMENT oF PotassiuM SALT SOLUTION WITH CITRATE PHOSPHATE BUFFER 














ForRMS GIBBERELLIC ACID* BuFFER** 
0 (water control) 0 
Gibberellic acid 0 
Potassium salt of gibberellin 0 

“3 a 7 C-P 
” ” ” C-—-P 
” ” ” Cur 
0 (buffer control) C-P 





*2 10-5 M, optimum concentration. 
** Citrate phosphate 0.01 Mm. 


*** 64 seconds, 700 ergs/cm?/second, estimated to give 


% GERMINATION OF SEEDS 








pH HELD IN TOTAL PROMOTED WITH 
DARKNESS RED LIGHT*** 

5.7 0-0 56-55 

3.2 83-82 99-95 

6.0 0-0 65-71 

3.5 100-100 100-100 

4.1 32-35 99-99 

4.4 0-4 78-76 

32 0-0 


92-91 


50 % germination of H,O control. 
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TABLE IV 


GERMINATION OF SEEDS OF LEPIDIUM VIRGINICUM WITH COMPONENTS OF BUFFER SOLUTION 








WETTING AGENT FOR 


stesehatan MoLarR CONC 





Citrate phosphate buffer 

Citric acid 0.001 
Na,PO, 0.001 
Distilled water 


© GERMINATION OF SEEDS 





pH Het IN TOTAL ~ PRoMoTED WITH 
DARKNESS RED LIGHT* 

3.45 0-1 94-95 

3.10 0-1 97-98 

8.25 0-0 85-80 


0-0 67-57 





*64 seconds red (700 ergs/cm?/sec). 


then two lots each from the water and buffer treat- 
ments were exposed to far red as indicated in figure 
9. The germinated seeds were counted 4 days after 
the light treatment. The red light energy required 
for a given germination response was less for seeds 
treated with the buffer solution than for those treated 
with water. As with other stimuli (3,25), when the 
germination response to red is increased by the 
presence of buffer, the germination response to far 
red is decreased. 

The increased germination of light-treated seeds 
on citrate phosphate buffer over that of seeds held 
on water is not a direct effect of pH of the solution. 
Solutions of citric acid at pH 3.10 and of sodium 
phosphate at pH 8.25 used separately (at 10-2 & 
5 x 10~-* M, resp.) increased germination above the 
water controls of light-promoted seeds (table IV). 
Other solutions such as the phthalate-HCl buffer, 
glycine-HCl buffer, and aconitate buffer increased 
the level of germination of light-promoted seeds over 
that of seeds held on water but had no effect on seeds 
held in darkness (results not given). In all cases 
the seed coats were bleached to a straw color by these 
chemicals. 


DISCUSSION 


The optimum concentration of gibberellic acid for 
promotion of germination of Grand Rapids lettuce 
seeds in darkness was reported by Evenari et al. (7) 
to be 2.9 x 107-5 to 2.9 X10~-4 m and by Haber and 
Tolbert (9) to be 3 X 107-4 Mm. The optimum con- 
centration we found was 10~% m. These differences 
in reported optimal concentrations are not surprising 
because both the physiological condition of the seed 
and the purity and stability of the gibberellin prepa- 
rations differ. 

The differences in the range of effective concen- 
trations of gibberellic acid for stimulation of germi- 
nation of seeds of lettuce and Lepidium in the dark 
could be due to differences in coat structure of these 
two kinds of seeds. The Lepidium seed has a harder 
seed coat than lettuce and becomes mucilagenous on 
wetting. 

Lettuce and Lepidium seeds may be fully promot- 
ed by light and still be blocked from germinating 


unless certain temperature conditions are provided 
(3, 25,26). We found that Lepidium seeds treated 
with an optimum concentration of gibberellin germi- 
nated over a much wider range of temperatures than 
water-imbibed, light-promoted seeds. Gibberellin also 
prevented dormancy induced by high temperatures. 
This is in agreement with other workers (7, 14, 15, 
21) who showed that gibberellin prevented high 
temperature induced dormancy in lettuce seed. Thus 
gibberellin not only allowed the germination processes 
to by-pass the light requirement, but it also overcame 
some of the temperature blocks to germination. 
Black and Naylor (1) reported that applied gibberel- 
lin prevented the onset of dormancy during matu- 
ration of the seed. The physiological condition of 
the gibberellin-promoted seeds, expressed by lack of 
need for light and tolerance to a wide temperature 
range, suggests a similarity to the physiological state 
of seeds afterripened in normal dry storage. 

With both lettuce and Lepidium seeds, gibberellin 
had two effects, as also observed by Evenari et al. 
(7). Optimum concentrations of gibberellin allowed 
otherwise light-requiring seeds to germinate in dark- 
ness. Also, gibberellin concentrations below those 
that stimulated germination in darkness increased the 
number of seeds that responded to a given light ex- 
posure. 

In agreement with Ikuma and Thimann (12) the 
inhibitory action of far red was influenced by the 
concentration of gibberellin. If the concentration of 
gibberellin was such that the seeds were not fully 
promoted, a short exposure to far red inhibited germi- 
nation to or slightly below that in the gibberellin 
dark controls. Continuous far red inhibited such seeds 
far below the gibberellin dark controls. A short ex- 
posure to far red had no inhibitory effect on seeds 
fully promoted by gibberellin. And continuous far 
red retarded rate but not total germination of these 
seeds. Kahn (13) also found continuous far red 
delays germination. He pointed out that seeds treat- 
ed with gibberellin still contained it, probably in the 
active form. 

Various buffered solutions and the components of 
the citrate phosphate buffer had no influence on 
germination of Lepidium seeds in darkness, but they 
did markedly influence the sensitivity of seeds to gib- 
berellin and to light. 
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Evenari et al. (7) and Miller (18) reported that 
kinetin caused light-requiring lettuce seeds to germi- 
nate in total darkness. Contrariwise, Weisz (28) 
reported that at 26 C kinetin was ineffective in dark- 
ness. Raleigh (22) stated that the light requirement 
in lettuce seeds was sometimes removed by thiourea. 
Certain dilute concentrations of potassium nitrate, 
thiourea, and coumarin (25), as well as citric acid, 
sodium phosphate, and various buffers, reported here 
increased the number of Lepidium seeds that respond- 
ed to red light, but none of these chemicals induced 
any germination in darkness. Gibberellin is the only 
factor found thus far to bring about germination of 
seeds of Lepidium in total darkness. 

It is not clear whether the increased stimulus to 
germination in darkness from buffering the solutions 
of the potassium salt of gibberellic acid was due to 
changed pH of the solution or to specific influence of 
the added ions. Since the solution was buffered be- 
low 3.8, the pKa of the gibberellic acid as reported 
by Cross (6), most of the gibberellic acid was in the 
undissociated state. Solutions of gibberellic acid 
more dilute than 2 x 107% m, when prepared in a 
buffer at pH 3.2, were more active physiologically 
than similar unbuffered solutions. These experi- 
ments suggested that the undissociated form penetrat- 
ed and was actually the active form of gibberellin. 
The gibberellin solution did not undergo degradation 
in the acid solution since allogibberic acid was inac- 
tive in all tests with seeds as reported by Brian et al. 
(4) and growing plants as reported by Halevy and 
Cathey (10). Similar observations have been made 
with auxin (27), at the optimum pH 4 to 5, where 
the activity was correlated with the undissociated 
form rather than total auxin concentration. The 
acid form of 2,4-dichlorophenoxyacetic acid was 
shown to be physiologically more active for and more 
readily translocated in plants (27) than the salt form. 

Yamaki et al. (30) reported that a diffusate from 
leaf discs of bean that had been illuminated with red 
light induced germination of tobacco seed. One of 
the substances from the diffusate had the same Rf 
value as the gibberellins in several solvent systems. 
Ikuma and Thimann (12) were unable to demonstrate 
that even a trace of gibberellin A, and A;, as assayed 
on dwarf maize, was produced by light treatment of 
lettuce seed. Dwarf maize, used by Ikuma and 
Thimann, was insensitive to applications of gibberel- 
lin A,, but was responsive to gibberellins A,, A., and 
A; (5). Gibberellin A,, however, was much more 
active than A, in promoting germination of tobacco 
(11) and lettuce seeds (reported herein) and in ex- 
pansion of bean leaf discs (30). Some workers (9, 
12) concluded that light does not induce germination 
of lettuce seeds by liberating a gibberellin although 
others (2,19) reported gibberellin in lettuce seeds. 
It is thus not possible to state the relationship of light 
to the liberation of gibberellin in the seed. 


SUMMARY 


The mode of action of gibberellin in the gerini- 
nation of light-requiring seeds of Lepidium virg:xi- 
cum and Grand Rapids lettuce was studied. The re- 
sponse to four forms of gibberellin, the effects of ¢ b- 
berellin concentration and of buffering the acid anc 
the potassium salt of gibberellin, and the interaction 
between gibberellin and temperature and gibberellin 
and the phytochrome system were determined. 

Gibberellin had three separate effects. A: Gib- 
berellin caused light-requiring seeds to germinate in 
total darkness. B: It removed certain temperature 
blocks to germination and prevented the onset of 
dormancy imposed by high temperature. C: When 
suboptimal levels of light and gibberellin were used, 
gibberellin caused a higher percentage of seeds to 
germinate at a given energy of red light. 

Seeds fully promoted by gibberellin were not in- 
hibited by short exposures to far red but were re- 
tarded in rate of germination by continuous exposure. 
Seeds partially promoted by gibberellin were inhibited 
to or slightly below the gibberellin dark controls by 
short exposures to far red and much below the gib- 
berellin dark controls by continuous far red. 

Gibberellin solutions buffered below the pKa value 
were more active than unbuffered solutions in pro- 
moting germination. 
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The essentiality of boron for higher plants is well 
established although no definitive role proposed for 
this element has remained undisputed. So many 
processes are affected indirectly by boron that the 
primary effect(s) have remained obscure (9). 
Gauch and Dugger (9) suggest that a relatively spe- 
cific role in carbohydrate translocation is indicated. 
Sucrose translocation is considerably reduced in boron 
deficient plants before morphological symptoms are 
evident. Gauch and Dugger (8) maintain that sub- 
sequent symptoms are simply the expression of carbo- 
hydrate deficiency resulting from the impaired trans- 
location system. They suggest that a negatively 
charged sugar-boron complex might more easily 
traverse cell membranes than non-borated sugar 
molecules or that boron might be a constituent of the 
membrane site across which the sugar moves. Skok 
(20, 21,22) points out that it is also possible for the 
relationship of boron to translocation to be indirect. 
He proposes that the boron effect on translocation is 
the result of the elements’ essentiality to the metabolic 
activity of meristematic regions which have large 
substrate requirements. The effect of this particular 
metabolic activity including that associated with cell 
enlargement can be called sink effect; its relationship 
to translocation is now well established (3, 12, 23). 
If Skok is correct, cessation of growth would be the 
cause rather than the result of impaired carbohydrate 
translocation in boron deficient plants. 

Dugger et al. (4) proposed that boron affects the 
rate of translocation through its effect on the sugar- 
starch balance of the leaves. Scott (18) presents a 
similar hypothesis: “It appears that boron performs a 
protective function in plants in that it prevents ex- 
cessive polymerisation of sugars at sites of sugar 
synthesis”. It would appear, however, that boron 
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must have an additional role in the metabolism of 
meristematic regions, since these last mentioned 
theories deal primarily with the availability of carbo- 
hydrates for translocation; applications of sugars do 
not prevent the death of terminal buds of boron 
deficient plants (19, 20). 

Prior to breakdown of phloem tissue in the more 
advanced stages of deficiency, the capacity for trans- 
location should exist in boron-deficient plants al- 
though this capacity is not normally expressed. If 
metabolic activity or growth can be promoted in boron 
deficient plants by some means such as auxin ap- 
plications, then translocation should increase if boron 
is not directly essential to the process. Our experi- 
ments designed to test this proposition will be <e- 
scribed here. 


MATERIALS & METHODS 


Bean plants (Phaseolus vulgaris L. var. Black 
Valentine) were used in all experiments in this 
study. Seeds were soaked for 2 hours in distilled 
water and then transferred to washed, fine quartz 
sand in hard rubber trays for germination. After 7 
days, plants were transferred to nutrient solutions in 
black-painted, aluminum foil-wrapped 1-quart Mason 
jars. The aerated mineral solution consisted of the 
following salts: 5 x 10-? m Ca(NO,;).;5 x 1073 m 
KNO,; 2X 107? m MgSO,; 1 x 10-* m KH,PO,; 
1 x 10-4 m EDTA Na-Fe (5 ppm Fe); 9.2 xX 
10-*° m MnCl, . 4H.O; 5.7 x 10-7 m Na,MoO,; 
5.1 x 10-7 m ZnCl; 29 x 10-7 m CuCl, . 2H,O. 
All glassware was either boron-free or low-boron soft 
glass. 

Germination and subsequent growth took place in 
a controlled environment room. The light intensity 
supplied by cool white fluorescent tubes (96 T8) and 
60 w tungsten bulbs (10: 1 wattage ratio) was ap- 
proximately 1,000 ft-c at the base of the plant. Tem- 
peratures were maintained at 24 + 2C during the 16 
hour light period and 18 + 2C during the 8 hour 
dark period. Under these conditions boron deficiency 
symptoms were visible in the terminal region ap- 
proximately 14 days after seed soaking. 

To half the plants boron, as H.BO;, was added to 
give a concentration of 4.6 X 10-5 m. Naphthalene- 
acetic acid (NAA) was used for auxin treated plants 
because of its greater biological stability when com- 
pared to IAA. Application of NAA to the terminal 
bud consisted of placing a 10 lambda drop of 5 ppm 
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NAA in a 0.02 % Tween-80 (polyoxyethylene sorbi- 
tan monooleate) solution directly on the bud. Applica- 
tion of NAA to the root system was accomplished by 
additions of 1 ml aliquots of a 9.5 ppm NAA stock 
solution per quart jar. The first addition provided a 
concentration of 0.01 ppm in the mineral culture 
solution. 

\ leaf-cup method modified from Aronoff (2) was 
used to supply one of the primary leaves with 10 uc 
of C'4O, in a 5% atmosphere of CO,. In this 
modification, the CO, is generated in the leaf cup 
after it is sealed to the underside of the leaf with 
petrolatum. This method has the advantage that 
reproducible quantities of C'* as Na,CO, can be 
pipetted into the leaf cup prior to its being affixed 
to the leaf. The CO, is released by injecting 1 N 
HCl through a serum vial stopper by means of a 
hypodermic syringe. Application of C'4O, took place 
in an illuminated fume hood. The light intensity was 
of the same magnitude as in the controlled environ- 
ment room but supplied from a water-filtered tungsten 
lamp source. A fixation and translocation period of 
2 hours was allowed prior to plant harvest. Plants 
were harvested by excising the terminal bud and root 
systems and placing the excised parts in boiling 80 % 
ethanol for extraction on a water bath at 60C for 1 
hour. The extracts were decanted directly into 
planchets and the extraction process repeated. Ex- 
tracted tissues were dried at 50 C for 48 hours and 
weighed. Relative counting rates of samples were 
determined by use of a 1.4 mg/cm? end-window G.M. 
tube encased in a lead shield. 

Radioactivity assays expressed as counts/minute - 
mg dry weight were analyzed by means of the 
Kruskal-Wallis Test (11), a non-parametric analogue 
of the analysis of variance test, tc determine over-all 
significant differences. The non-parametric test was 
used since the extreme non-homogeneity of variance 
among the samples violated the assumptions of the 
more commonly used F test. The Mann-Whitney U 
test (14) was used as a non-parametric analogue of 
the t-test to determine specific differences between 
pairs of groups. 


RESULTS 


Bup AppLicaTion oF NAA. NAA (10 XA of 5 
ppm solution) was applied to two groups of eight 
plants each; one group was supplied with boron 
(B+), the other group was boron deficient (B—). 
Applications were made to each plant 24, 12, and 1 
hour(s) before C'*O, administration. The first ap- 
plication was made at the time of incipient boron de- 
ficiency symptoms in the B— plants after about seven 
days in nutrient solution (table I). The amount of 
ethanol-soluble C!* appearing in the terminal region 
after a 2-hour translocation period in the B— plants 
is significantly less than in the B+ plants. Boron- 
deficient plants treated with NAA did not differ 
significantly from the B+ plants with respect to 
activity translocated to the buds. Translocation in 
B+ plants treated with NAA was inhibited when 


TABLE I 


DIFFERENCES IN C!4-TRANSLOCATION TO TERMINAL Bub 
oF Boron-DEFICIENT & Boron-SUFFICIENT 
BEAN PLANTS+t 











Group B— B—,NAA B+ B+,NAA 
es (23) ++ a '. “2 a 
B—, NAA (158) vr 
B+ (164) * 
B+,NAA (109) 








+ As influenced by applications of NAA to the terminal 
bud region. 

++ Parentheses enclose mean c/minute mg for treat- 
ment groups of eight plants each. 

* Significant at the 0.05 level of confidence. 

** Significant beyond the 0.01 level of confidence. 


compared to the control B+ plants. It would ap- 
pear from these data that meristems of boron suf- 
ficient plants contain an optimum concentration of 
auxin while boron deficient plants are sub-optimum 
in auxin concentration. 


Root AppLicATION oF NAA. NAA was added to 
the solution cultures of B— and B+ plants in quanti- 
ties of 0.0095 mg per quart jar; the first application 
provided a concentration of 0.01 ppm. Separate ap- 
plications were made 48, 24, and 1 hour(s) before 
C'4O,, administration. The first application was 
made at the time of appearance of incipient boron 
deficiency symptoms in the B— plants after about 
seven days in nutrient solution (tables II & ITI). 
Data from the harvested apical buds (table II) are 
essentially the same as obtained by direct application 
of auxin to the meristems. The inhibition of trans- 
location by treatment of auxin to B+ plants was not 
detected, however. Continued applications of NAA 
to either the buds or the roots resulted in improved 
shoot growth of the B— plants. 

The apparent anomaly of these results can perhaps 
be explained with the help of morphological observa- 
tions after continuing the treatment conditions for a 
week (figs 1-6). During early stages of boron de- 
ficiency the terminal root tip ceases growing and ul- 
timately dies. With the corresponding loss of apical 


TABLE II 


DIFFERENCES IN C!4-TRANSLOCATION TO TERMINAL Bub 
oF Boron-DeFIcIENT & BoroN-SUFFICIENT 
BEAN PLANTSt+ 











Group B— B—,NAA B+ B+,NAA 
a. (80) ++ ok 7K ak 
B—, NAA (324) heh 
B+ (165) me 
B+, NAA (169) 





+ As influenced by applications of NAA to the roots. 
++ Parentheses enclose means c/minute mg for treat- 
ment groups of eight plants each. 
** Significant beyond the 0.01 level of confidence. 
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Fics. 1-6. Root systems after 1 week’s treatment. Whiole root systems are to the same scale. Figure 1. B+; 


? 


figure 2. B—; figure 3. B— enlarged; figure 4. B+, NAA to root system; figure 5. B+, NAA to root system 


enlarged; figure 6. B—, NAA to root system. 


dominance, numerous short, bulbous, lateral roots are 
formed but fail to elongate (figs 2-3). Similar 
lateral roots are formed with the application of NAA 
to B+ root systems (figs 4-5). The increase in 
translocation in these plants can be explained by the 
effect of these numerous additional sinks in the root 
system. 

The data from the root systems (table III) are 
quite surprising. More activity (c/min - mg) was 
translocated to the roots of boron-deficient plants than 
to those of plants supplied with boron. NAA applica- 
tions increased translocation to the root system in 
both B+ and B— plants. 


TABLE III 
DIFFERENCES IN C14-TRANSLOCATION TO ROOTS OF 
Boron-DEFICIENT & BoroN-SUFFICIENT 
BEAN PLANTsS+ 














Group B— B—,NAA B+ B+,NAA 
B— (81) ++ ** ** oe 
B—, NAA (334) #K He 
B+ (32) = 
B+,NAA (81) 





+ As influenced by applications of NAA to the roots. 

++ Parentheses enclose mean c/minute mg for treat- 
ment groups of eight plants each. 

** Significant beyond the 0.01 level of confidence. 


Application of NAA to B— roots resulted in in- 
creased elongation and associated increase in trans- 
location to the root system of these plants when com- 
pared to B— plants without the auxin treatment. 
According to the classical view of the auxin relations 
of roots (1), the auxin content of intact roots is well 
over the optimum level, and as a rule, only inhibitions 
of longitudinal growth have been reported as a result 
of adding auxin. The increase in elongation and 
the associated increased translocation we observed 
with auxin treatment to boron deficient roots indicate 
that these root systems are below optimum in auxin 
concentration. 


Discussion & CONCLUSION 


The primary object of this work, as stated in the 
introduction, was to test the hypothesis proposed by 
Skok that the role of boron in translocation is “in- 
direct and related to cellular activity and growth 
rather than directly to the formation of a boron-sugar 
complex”, as proposed by Gauch and Dugger. Al- 
though this latter hypothesis has stimulated much re- 
search in this area it now seems to be untenable. 

With the onset of boron deficiency, both sink ac- 
tivity and translocation to the region decline and 
ultimately stop with the death of the meristem. 
Proposals such as Scott’s (18) that boron affects 
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sugar-starch balances in regions of sugar synthesis, 
could potentially be used to explain reduced trans- 
location in boron deficient plants, however, it is dif- 
ficult to account for the subsequent death of the 
meristems on the basis of sugar deficiency. Ap- 
plications of sugar (19,20) or citric acid (20) to 
the terminal buds of boron deficient plants do not 
result in increased growth or a delay in the time of 
onset of deficiency symptoms. (C14-labelled sucrose 
is absorbed by excised flax roots whose growth is 
inhibited by lack of boron (17). Sugar concentra- 
tions in boron-deficient meristems do not appear to 
be limiting (16). 

NAA applications to the meristems of boron-de- 
ficient plants in the absence of added boron, as re- 
ported in this paper, do promote increased transloca- 
tion, presumably through the auxin’s effect on the 
metabolic activity of the meristem. It is therefore 
concluded that the boron deficient plant prior to 
phloem necrosis possesses a translocation system cap- 
able of functioning and that it functions at much re- 
duced capacity because substrates are not being 
utilized. 

Gauch and Dugger (9) state, “There is also con- 
siderable evidence that there is a relationship between 
boron and plant hormones”. Many other workers 
have also noted this relationship. We consequently 
find it surprising that much of the recent work on 
boron metabolism and its effects on plants is centered 
on in vitro carbohydrate metabolism (4,5,18) with 
no experimental efforts being directed toward eluci- 
dating the observed relationship between boron and 
plant hormones. 

Eaton (6) was the first to report that “Some of 
the symptoms of plants deficient in boron are suf- 
ficiently similar to those expected in plants deficient 
in auxin as to suggest that the role of boron in plant 
nutrition is closely associated with the formation of 
auxin and possibly of other plant hormones”. He re- 
ported a partial replacement of boron by auxin in 
growth at low light intensities. Subsequent workers 
(13,15) failing to duplicate Eaton’s experimental 
conditions, did not reproduce his results. As a con- 
sequence, Eaton’s idea has largely been ignored. It 
is now recognized that failure to react to auxin may 
be due, among other things, to: A: exposure to un- 
favorable conditions of light or temperature; B: lim- 
itation by some other growth factor, such as adenine 
or kinetin (7). 

The data provided by this study are perhaps best 
systematized by the hypothesis that boron plays an 
essential role in the biosynthesis of auxins in the 
meristems of the plant, translocation occurring as a 
result of growth rather than the reverse. This, of 
course, would not preclude boron having other effects 
on plant metabolism. The auxin synthesis hypothesis 
is strengthened by observations of the effects of ioniz- 
ing radiation on plants. A major radio-sensitive 
process in plants is the synthesis of indoleacetic acid 
(10). Presumably the enzyme which converts in- 
doleacetaldehyde to indoleacetic acid is destroyed by 
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ionizing radiation. The increase in radioresistance 
which accompanies withdrawal of boron (21) in- 
dicates that boron might either be a component of this 
enzyme or otherwise necessary for its synthesis. 

There are several possible ways of testing this 
hypothesis. The most direct would be to investigate 
the boron requirement for the in vitro synthesis of 
IAA. It will be more difficult to evaluate the boron 
requirement for the synthesis of the enzymes respon- 
sible for IAA formation. Preliminary attempts were 
made to obtain an enzyme extract from boron de- 
ficient bean plants which would synthesize IAA. We 
obtained very low yields with our preparations, how- 
ever, adding boron to the reaction mixture did dou- 
ble the yield in two out of four cases. There was.no 
effect on the other two. These data are mentioned 
only to strengthen our case for research in this area 
and are not presented as conclusive evidence. 

Pertinent comparative cytological observations 
could also be made on boron deficient meristems and 
those made auxin deficient by ionizing radiation. 
Gross morphology of the boron deficient plants used 
in this study and those treated by low levels of 
ionizing radiation (23) were similar enough to be 
confused. Young trifoliate leaves were observed to 
abscise in both cases, a further link to auxin metabo- 
lism. 


SUMMARY 


Bean plants, Phaseolus vulgaris L. var. Black 
Valentine, were used in experiments designed to test 
the hypothesis that the role of boron in translocation 
is indirect, the boron exerting its influence on this 
process through effect on metabolic activity at sites 
of utilization. NAA applications to the meristems 
of boron-deficient plants in the absence of added 
boron, promoted increased translocation of photo- 
synthetically incorporated C'*. It was therefore con- 
cluded that the boron deficient plant, prior to phloem 
necrosis, possesses a translocation system capable of 
functioning and that it functions at a much reduced 
capacity because substrates are not being utilized. It 
is consequently quite clear that boron deficient plants 
are not limited in growth by sugar deficiency and that 
boron is not necessary to sugar translocation per se. 

The relationship between boron and auxin is con- 
sidered and the suggestion revived that boron is es- 
sential to auxin metabolism, possibly synthesis. 


LITERATURE CITED 


1. Aserc, B. 1957. Auxin relations in roots. Ann. 
Rev. Plant Physiol. 8: 153-180. 

AronorFr, S. 1955. Translocation from soybean 
leaves. II. Plant Physiol. 30: 184-185. 

3. Crarts, A. S. & S. Yamacucur. 1958. Compara- 
tive tests on the uptake & distribution of labeled 
herbicides by Zebrina pendula and Tradescantia 
fluminensis. Hilgardia 27: 421-454. 


bh 








676 
4. 


13. 


PLANT PHYSIOLOGY 


Duccer, W. M. Jr., T. E. Humpureys, & BARRARA 
CatHoun. 1957. The influence of boron on starch 
phosphorylase & its significance in translocation of 
sugars in plants. Plant Physiol. 32: 364-370. 

Duccer, W. M., Jr. & T. E. Humpnureys. 1960. 
Influence of boron on enzymatic reactions asso- 
ciated with biosynthesis of sucrose. Plant Physiol. 
35: 523-530. 

Eaton, F. M. 1940. Interrelations in the effects 
of boron & indoleacetic acid in plant growth. 
Botan. Gaz. 101: 700-705. 

Gaston, A. W. & W. K. Purves. 1960. The 
mechanism of action of auxin. Ann. Rev. Plant 
Physiol. 11: 239-276. 

Gaucu, H. C. & W. M. Duccer, Jr. 1953. The 
role of boron in the translocation of sugar. Plant 
Physiol. 28: 457-467. 

Gaucu, H. C. & W. M. Duacer, Jr. 1954. The 
physiological action of boron in higher plants: a 
review & interpretation. Univ. Maryland Agric. 
Exp. Sta. Bull. A 80. 

Gorpon, S. 1957. I. The effects of ionizing radia- 
tion on plants: biochemical & physiological as- 
pects. Quart. Rev. Biol. 32: 3-14. 

KrusKAL, W. H. & W. A. Wattis. 1952. Use of 
ranks in 1-criterion variance analysis. J. Am. 
Statist. Assoc. 47: 583-621. 

Link, A. J. & T. W. Supta. 1960. Transport 
specificity of C!* to the fruit of Pisum. Plant 
Physiol. suppl. 35: iii. 

MacVicar, R. & W. E. TortincHam. 1947. A 
further investigation of the replacement of boron 
by indoleacetic acid. Plant Physiol. 22: 598-602. 


14. 


do 
nN 


23. 


Mann, H. B. & D. R. WuHitney. 1947. Ona te 
of whether 1 of 2 random variables is stochasticali 
larger than the other. Ann. Math. Statist. 18 
50-60. 

Mornat, A. D. 1943. Nutritional relationships « 
boron & indoleacetic acid on head lettuce. Pla: 
Physiol. 18: 517-523. 

NEALES, T. F. 1959. Effect of boron supply on tl 
sugars, soluble in 80 % ethanol, in flax seedlings 
Nature 183: 483. 

Neaces, T. F. 1959. The boron requirement oi 
flax roots grown in sterile culture. J. Exp. Bota: 
10: 426-436. 

Scott, E. G. 1960. Effect of supra-optimal boroi 
levels on respiration & carbohydrate metabolism oi 
Helianthus annuus. Plant Physiol. 35: 653-661. 

S1sLer, E. C., W. M. Duacer, Jr., & H. C. Gaucnr 
1956. The role of boron in the translocation oi 
organic compounds in plants. Plant Physiol. 31: 
11-17. 

Sxox, J. 1957. The substitution of complexing 
substances for boron in plant growth. Plant 
Physiol. 32: 308-312. 

Skok, J. 1957. Relationship of boron nutrition to 
radiosensitivity of sunflower plants. Plant Physiol. 
32: 648-658. 

Skok, J. 1958. The role of boron in the plant cell. 
In: Trace Elements, C. A. Lamb, O. G. Gentley, 
& J. M. Beattie, eds. Pp. 227-243. Academic 
Press, New York. 

Wess, K. L. & R. H. Hopcson. 1960. Some effects 
of ionizing radiation on translocation in plants. 
Science 132: 1762-1763. 











RAPID CRYOSCOPIC TECHNIQUE FOR MEASURING OSMOTIC 
PROPERTIES OF DROP SIZE SAMPLES *? 
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DEPARTMENTS OF MicropioLocy & IRRIGATION, UNIVERSITY OF CALIFORNIA, DAVIS 


The measurement of osmotic pressure of aqueous 
solutions has been an indispensible tool for the phys- 
iologist. Such measurement has provided a great 
deal of information on the water relations of living 
tissues. Present methods, however, have the draw- 
back of requiring relatively large samples and involv- 
ing time consuming procedures. 

The most common method of determining osmotic 
pressures is cryoscopy. The conventional cryoscopic 
technique, however, is rather slow, requires large 
samples, and the results require several corrections 
(3). In a variation of the conventional technique 
presented by Currier (4) sample size was reduced to 
about 0.7 cc and no corrections were necessary. This 
volume of sample is still rather large, however, and 
the measurements are rather slow. A commercially 
available thermistor (Aminco 5—2050) in place of the 
mercury thermometer permits a further decrease in 
sample size. This apparatus is costly, however, and 
the sample needed is still much larger than the drop 
size desirable for many studies. In 1913 Drucker 
and Schreiner (5) designed a cryoscopic technique 
using a microthermometer for drop-size samples, but 
the accuracy of their method is questionable. 

The principal difficulty in measuring the freezing 
point of small samples is that of initiating freezing 
with a minimum of supercooling. With drop-size 
samples, supercooling becomes an insurmountable 
problem. Thus, measurement of the osmotic pres- 
sure of drop-size samples requires a method that does 
not involve supercooling. An accurate measurement 
of the vapor pressure of small samples, proposed by 

}aldes and Johnson (2) was modified by van Andel 
(1). The method involves measurement of the dif- 
ference in temperature between a drop of sample and 
a drop of a known solution on separate loops of a 
thermocouple. A similar technique, based on the 
Peltier effect, was proposed by Spanner (7), and 
another by Richards and Ogata (6). All of these 
techniques are accurate but slow (about 30 min/ 
measurement) and require rigorous temperature con- 
trol (+ 0.001C). Recently Weatherly (8) has 
proposed an empirical vapor pressure osmometer 
which does not require such stringent temperature 
control. 


1 Received April 12, 1961. 

2 This work was supported by Western Regional Re- 
search Project W-67, California contributing project 
RRF 1582. 
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The problem of supercooling small samples can 
also be eliminated by freezing the solution and meas- 
uring the temperature during thawing. In the 
method given here a drop of solution is frozen on a 
thermistor and the temperature is recorded as the ice 
melts. The method uses simple equipment but allows 
rapid determinations of osmotic pressure or of mole- 
cular weight on drop-size samples. 


EXPERIMENTAL PROCEDURE 


The experimental apparatus is presented schemat- 
ically in figure 1. The sample chamber is at the tip 
of a glass tube with a ground-glass top. Orientation 
of the thermistor in the chamber is critical; the probe 
is placed in the same position inside the sample 
chamber by lining up the etched marks (indicated by 
arrows) on the probe and chamber. The thermistor 
is one of four legs of the Wheatstone bridge. A 
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Fic. 1. Schematic diagram of the experimental ap- 
paratus. The thermistor used is 2kQ) at 20C (Veco 


32A1). 








678 PLANT PHYSIOLOGY 





hk 025 M SUCROSE 


020 ™ SUCROSE 


0.15 M SUCROSE 





| ge Cer----==== 





0.10 SUCROSE 


TIME — MINUTES 








- EE —EeEE—E———EEE a — 
0 10 20 » 40 50 60 70 80 90 


POTENTIOME TER READING 
Fic. 2. Tracing of the potentiometer chart illustrating 


the temperature-time functions for various sucrose con- 
centrations, and the manner of drawing tangents. 


potentiometer records imbalances in the bridge that 
result from changes in resistance caused by changes 
in temperature. Mercury cells of 1.5 v are a source 
of constant emf. 

The analytical procedure is as follows: A drop of 
the sample is placed in the chamber, the probe is 
aligned and inserted into the chamber, and the tip of 
the tube is immersed in a mixture of alcohol and dry 
ice, freezing the sample instantly. The tube is re- 
moved from the freezing mixture and wiped dry, and 
the sample is allowed to warm slowly in air above a 
water-ice mixture in a narrow-mouth Dewar flask. 
The temperature of the sample during thawing is 
recorded as a function of time on the potentiometer 
chart. 

Results obtained for a series of sucrose solutions 
are presented in figure 2. The change of slope of 
the curves from the heat of melting is quite evident. 
First, the slope is rather flat, indicating a rapid tem- 
perature increase. The temperature rise slows as the 
melting point is approached, and becomes rapid again 
when all ice in contact with the thermistor bead has 
melted. The slow change of temperature of the ice 
during melting is due to the latent heat of melting. 
The slope of the curve at this region is quite steep for 
pure water, becoming less so with increasing solute 
concentrations. At higher solute concentrations the 
temperature of ice during melting changes much more 
slowly than the temperature of water or dilute solu- 
tions. The difference corresponds to a wide vari- 
ation in the concentration of the solute in the liquid 
phase as melting proceeds. The success of the 
method depends on direct measurement of the ice tem- 


perature, which requires that the ice be in direc 
physical contact with the thermistor bead. If th 
ice separates from the thermistor prematurely, th 
concentration of solute will be seriously overestimat 
ed. For this reason (fig 2) the method is limite: 
in its range to solutions no more than 0.25 osmola! 

In computing the osmotic pressure, lines ar 
drawn tangent to the slope during melting and th 
slope after melting (fig 2). The point of intersec 
tion of the tangents for different sucrose concentra- 
tions is subtracted from the point of intersection for 
pure water and the difference is plotted in a calibra- 
tion curve. In this manner the intercept of the cali- 
bration curve is zero. 

Figure 3 is a calibration curve plotted from th: 
data in table I. From such a calibration the osmotic 
pressure of unknown aqueous solutions can be de- 
termined by measuring the temperature during thaw- 
ing. After the point of intersection of tangents is 
established, the osmolality of an unknown can be 
read directly from the calibration curve. 

The method can be used quite effectively in de- 
termining the atom percentage deuterium in water. 
This method utilizes the fact that the freezing point 
of pure D.O is 3.82 C and decreases linearly to the 
freezing point of water with decreasing atom per- 
cent deuterium. Figure 4 illustrates a calibration 
curve for the determination of atom percentage 
deuterium. In this case, of course, the measurement 
can be much more accurate than in the case of 
solutes because the differences in physical properties 
of the solute (DHO) and the solvent are relatively 
minor. 

The method is not confined to water as a solvent. 
We have used it successfully in determining the 
molecular weights of organic compounds dissolved in 
benzene. This is done by determining a calibration 
curve for a benzene solution comparable to that for 
aqueous solutions. 

Several precautions must be taken to ensure 
optimal performance of the method: 


TABLE I 


EXPERIMENTAL RESULTS FOR SUCROSE CALIBRATION 
Curve AS OBTAINED BY DIFFERENT OPERATORS 

















SUCROSE OPERATOR 

CONC —— ——— — MEAN 
OSMOLAL 1 2 3 4 

0.05 12.3* 12.1 12.6 128 124+0277 


0.10 23.0 22.0 23.6 23.2 22.9+ 0.66 
0.15 36.7 35.3 35.9 35.5 35.9+ 0.54 
0.20 47.7 48.4 47.9 46.9 47.7+0.54 
0.25 58.6 61.5 60.4 58.8 598+ 0.91 
Slope 237.1 241.0 2404 235.4 238.4 

99 % confidence limits of slope 238.4 + 5.34 

95 % confidence limits of slope 238.4 + 3.19 

90 % confidence limits of slope 238.4 + 2.70 





* Displacement of tangents’ intersection from that of 
pure water in chart units 
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I. The thermistor must be placed centrally in the 
same chamber, and the gap between the bead and the 
chamber wall should be as small as possible. 


II. The volume of the sample is critical. Dur- 
ing thawing the ice must separate from the thermistor 
uniformly. Excess volume of sample above the bead 
will interfere with the measurement. 


III. A constant voltage supply eliminates any 
need for frequent calibration. 


IV. For best results, rate of thawing should be 
slowed by keeping the sample over an ice bath. 


V. The external surface of the sample chamber 
should be wiped dry before thawing. 


EVALUATION OF METHOD 


The chief difficulty expected was that of drawing 
tangents. Three workers were therefore requested 
to determine a sucrose calibration curve to test the 
magnitude of error (table 1). There is no significant 
difference between operators. The standard error for 
a single determination is + 0.003 (0.067 atm) and 
+ 0.007 (+ 0.157 atm) for 0.05 and 0.25 osmolal 
respectively. For triplicate determinations the stand- 
ard errors are + 0.001 (0.022 atm) and 0.004 (0.090 
atm) for the same concentrations. 

Another test of the accuracy of the method is 
presented in figure 5. The concentrations of sodium 
nitrate solutions were determined cryoscopically. 
Figure 5 compares the measured and the known 
values. 

Although benzene has a much lower latent heat 
of melting than water, it can be used as a solvent in 
this method. A_ calibration was established for 
solutions of benzoquinone in benzene. The molecular 
weight was determined for a synthetic organic pro- 
duct, presumably the trimer of @-picolene. To verify 
whether the desired product was obtained, the mole- 
cular weight of a sample of the known dimer of a- 
picolene (MW 184) was 183. The molecular weight 
of the presumed trimer was 373, indicating that the 
product was probably the tetramer (MW 368) rather 
than the trimer (MW 276). 

From the evidence presented, it is concluded that 
the proposed method is reliable, rapid, and suitable 
for measuring the osmotic pressures of dilute drop- 
size samples. 


4] pies a 


Fic. 3 (top). Sucrose calibration curve—tempera- 
ture (in arbitrary chart units) as a function of sucrose 
concentration or equivalent osmotic pressures (conversion 
of concentration to osmotic pressure taken from the 
critical tables). 

Fic. 4 (center). DHO calibration curve—tempera- 
ture in arbitrary units as a function of DHO concentra- 
tion. 

Fic. 5 (bottom). Comparison between known and 
measured concentrations of NaNOQ,. 
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SUMMARY 


A rapid cryoscopic method proposed for drop-size 
samples consists of freezing a drop of solution and 
following its temperature during thawing with a 
thermistor and a potentiometer chart. The method 
can be used for determining osmotic pressure, the 
molecular weight of solutes, and the concentration of 
deuterium in heavy water. 

The method is limited to dilute solutions (up to 6 
atm osmotic pressure) and is sensitive to better than 
0.1 atm. 
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EFFECTS OF THERMOPERIODISM ON TUBER FORMATION IN 
IPOMOEA BATATAS UNDER CONTROLLED CONDITIONS! 
YONG CHOLL KIM? 


COLLEGE OF AGRICULTURE, CHONPUK UNTvERsITY, IRI, KOREA 


Went (9) and Viglierchio and Went (8) found 
that the night temperature is the most critical factor 
governing the developmental process in tomato, chili 
pepper, tobacco, and beans. The importance of night 
temperature in general to plants was also suggested. 

Previous work on Ipomoea batatas indicated that 
tuber formation is a process depending more on the 
condition of the growing point than on carbohydrate 
production in the leaf (6). Later a sensitivity to 
photoperiodism was found (7). 

With respect to temperature, only some general 
effects on tuber formation have been reported. 

Thus, Isiguro (5) found that with an average 
temperature less than 20C, there was a decrease in 
yield, and Ido (4), that high temperature favors 
tuber production. Dogari (2) indicated that tuber 
production might be adapted in low soil temperature 
of 19 to 21C. However, to date, there is no in- 
formation on the effect of thermoperiodism on tuber 
formation. The following experiments, therefore, 


1 Received revised manuscript May 11, 1961. 
2 Present address: Seoul Municipal Agricultural Col- 
lege, Seoul, Korea. 


were undertaken under controlled conditions to study 
the effects of low night temperature, etc., on tuber 
formation as well as growth. 


MATERIALS & METHODS 


The experiments were conducted in thermoperi- 
odically-controlled rooms, with a photoperiod of 16 
hours and 8 hours of darkness in all cases. Incan- 
descent lamps, providing a light intensity of approxi- 
mately 100 to 150 ft-c were used. 

The environmental factors may be divided into 
two general groups, nutritional and others. Since 
growth depends on a number of factors, it was pos- 
sible to obtain undersized plants by restricting several, 
such as quantity of nutrition and light. This was 
advantageous for these experiments both from a 
standpoint of using a large quantity under uniform 
conditions, as well as easy handling for harvesting, 
with laboratory scales. Satisfactory tuber formation 
was obtained under the restricted conditions. 

The seed tubers of Jpomoea batatas var. Okinawa 
100, were sprouted in sand in wooden boxes and 
grown at the given temperature of each experiment. 
When the young plants were about 20 cm high, uni- 
form cuttings of 8 to 10 cm, containing four nodes 
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or three unfolded leaves, were made for transplanting. 
These were planted in 15 xX 15 cm bamboo boxes 
filled with thoroughly-washed sand. 

To each box was added 45 mg nitrogen, 90 mg 
phosphorus, and 270 mg potassium, representing ap- 
proximately one-quarter, one-half, and one-half, re- 
spectively, of the standards used for Ipomoea batatas 
by Dogari (2). The moisture content of the sand in 
the growing boxes was maintained at approximately 
60%, by an automatic supply of water through a 
conerete block medium. These blocks, containing a 
ratio of sand to cement of 5: 1, were more satisfactory 
as a supply medium than was unglazed pottery. 
However before use, they must be leached with water 
in order to eliminate all soluble alkaline substances. 
The bamboo boxes were placed in wooden frames 
above the water tanks, in which the level of water 
controlled the water supply ; the boxes could be moved 
freely as desired. 

In the first experiment, the effects of low night 
temperature were studied. A phototemperature of 
29 C and a nyctotemperature of 20 C were used, while 
the controls were kept at constant 29 C, 

In the second experiment a comparison of two 
night temperatures was made. One set of plants 
was kept at 26C during the light period, and 14C 





during the dark period, while the other was kept at 
26 C and 20C, respectively. 

The lowering from high temperature of the light 
period to low of the night period was achieved 
quickly. However, the reverse required 2 to 3 hours, 
so that the temperature of the first few hours of the 
light period must be considered as transitional. 


RESULTS 


EFFECTS OF THERMOPERIODISM: The tuber for- 
mation of [pomoea batatas was greatly promoted at 
low nyctotemperature (fig 1). 

Thus, at a 29 C photoperiod and 20 C dark period, 
the tuber weight was about 10 to 16 times greater 
than at 29C constant temperature. An increase in 
the number of tubers per plant was also found at low 
nyctotemperature, although this was less marked 
than the increase in weight, being only two to six 
times of constant high temperature. 

Tuber formation appeared to be earlier with low 
nyctotemperature, lying between 20 and 30 days after 
planting. 

Root growth at low nyctotemperature was also 
promoted, the proportion of weight of roots to tops 
being 14 to 26 % at low nyctotemperature and only 4 
to 5 % at constant temperature (fig 2). 
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DAYS AFTER PLANTING 


By contrast to tubers and roots, the top growth 
was not promoted by low nyctotemperature. On the 
contrary, stem elongation, number of leaves, length 
of internodes, leaf elongation, and top weight were 
enhanced by a constant temperature of 29C; the 
greatest increase occurred in stem elongation (figs 
3-5). Thus, there seems to be a selective effect of 
low nyctotemperature between top and underground 
parts of Jpomoea batatas (figs 1-5). 

In addition to tuber formation and root develop- 
ment, all the growth of tops such as stem elongation, 
length of internodes, and number of leaves was greater 
under a day-night temperature regimen of 26C to 
20 C than when the difference between day and night 
was larger (26 C-14C). 

The fact may be due to the higher average temper- 
ature of the former regimen (26 C-20C) than the 
latter (26 C-14C). 


GrowTH UNDER ConTROLLED ConpiTI0Ns: Growth 
under the given controlled conditions showed a dif- 
ferent behavior compared with that of natural condi- 
tions. Thus, the total size of the plants under con- 
trolled conditions was dimished due to the low light 
intensity and restricted concentration of nutrients. 
Leaf expansion and stem diameter in particular were 
suppressed, but elongation of internodes was pro- 
moted. This elongation might possibly be due to the 
light quality of the incandescent lamps, as has been 
indicated already by other research (11). 


DAYS AFTER PLANTING 


(length « width). 


Another outstanding effect of the controlled con- 
ditions was the red pigmentation of the stem and leaf 
veins. 

Tuber formation was most sensitive of all to the 
various conditions. With adequate day length and 
temperature, tuber formation was greatly promoted 
even under low light intensity of 70 to 150 ft-c, as 
well as restricted concentration of nutrients. At a 
photoperiod of 16 hours at 26 C, and a dark period of 
8 hours at 20 C, the proportion of tuber to top weight 
48 days after planting was 22 %, while at constant 
29 C, it was only 1%. Under short day conditions 
no tubers were formed (fig 10) (7). 


GrowtH BEHAvioR UNDER CHANGING ENVIRON- 
MENTAL ConpiITIoNS: Cuttings grown in the field 
under natural conditions have larger and thicker 
leaves, smaller and stouter internodes than those 
grown in controlled rooms. When young plants 
from the field were introduced to the culture rooms 
and then transplanted to controlled conditions of low 
light intensity of the incandescent lamps, etc., stem 
growth was entirely suppressed at an early period 
(fig 3). On the other hand, growth of leaves and 
petioles was promoted so greatly that the growing 
point of the stem appeared as an accessory of the 
petiole or else buried in it (fig 5). This contrary 


behavior of stem and leaf growth continued for about 
20 days after transplanting, regardless of conditions of 
low nyctotemperature or constant temperature. 


The 








ROOT AND TUBER WEIGHT 


sta 
an 
of 

tu 


af 
el 








KIM—THERMOPERIODISM EFFECTS ON TUBER FORMATION 683 


3 


TUBERS 





ROOT AND TUBER WEIGHT 
AS % OF TOP WEIGHT. 


80 


ro 


Fic. 10. The effects of thermoperiodism on the ratio 
of root weight to top weight in Ipomoea batatas; 1, Con- 
stant temperature of 29C. 2, Phototemperature of 29 C 
and night temperature of 20C. 3, Phototemperature 
of 26 C and night temperature of 20C. 4, Phototempera- 
ture of 25C and night temperature of 14C. 
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effect of the new conditions became dominant only 
after 20 to 30 days (fig 3,5). However, the stem 
elongation, length of internodes and number of leaves 
in the plants introduced from the field remained con- 
tinually less than that of plants started under con- 
trolled conditions. Their leaf areas, however, were 
greater. 

Compared with growth of other organs, tuber for- 
mation was of a sensitive and non-adaptive character 
when conditions were changed from field to con- 
trolled rooms, or vice-versa. For example, the pro- 
portion of tuber to top weight of plants from field 
cuttings was only 5.5%, whereas that of plants 
grown throughout under room conditions, with low 
nyctotemperature, was 20.6%. On the other hand, 
when cuttings from room conditions were planted in 
the field, the proportion of tuber to top weight was 
only 1%, while that of plants grown throughout 
under field conditions was 21%. Also, plants trans- 
ferred from rooms to outdoors had a reduction of 
stem length and number of leaves in comparison with 
plants grown continually under natural conditions. 
The length of internodes remained unchanged. 


DISCUSSION 


Went (8,9) found that the night temperature is 
the most critical factor influencing the developmental 
process in tomato, chili pepper, and tobacco. In 
Ipomoea batatas there is another remarkable example 
of the effect of nyctotemperature, especially with 
reference to tuber formation and root growth. Thus, 
tuber production is greatly promoted by low night 
temperature while stem elongation is promoted by 
high night temperature. Viglierchio and Went (8) 
showed that stem elongation of Phaseolus increases 
with higher nyctotemperature during the early stages, 
but that optimal night temperature shifts with age. 

The fact that stem elongation and tuber formation 
of Ipomoea batatas were contrary in their responses 
to low night temperatures indicates that the low night 
temperature effect is different by various parts of the 
plant, whereas those temperature effects concerned 
only with an average temperature, are not. 

It is plausible that the large promotion of tuber 
development at low nyctotemperature might be due 
to the greater translocation of sugars from tops to 
roots, as indicated by Went (10), who showed for 
tomatoes that the effect of night temperature is due 
to the translocation of sugar from leaves to other 
parts of the plant. 

Low night temperature together with long day 
conditions seem to be the most critical factors for 
tuber formation in Ipomoea batatas. The former 
may be a critical accelerating factor while the latter, 
a regulative factor, in a similar manner to which; as 
shown by Gregory (3), the short day condition is 
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UNDER THE CONTROLLED DIFFERENTIATION UNDER THE NATURAL 
CONDITIONS OF OF ORGAN CONDITIONS OF 
RESTRICTIVE CULTURE ( TUBER ) FIELD 

Fic. 11. External factors which give effects in a 
different way from each other on the growth and organ 
formation of Ipomoca batatas; Large broken line, show- 
ing the initiative, critical effects on the process of growth 
or organ formation; Small broken line, showing only gen- 
eral effects on the process of growth etc.; Large solid 
line, showing the process of growth and development. 
A satisfactory tuber formation resulted from controlled 
conditions by regulating the critical factors such as day 
length and thermoperiod, though the quantitative growth 
was suppressed by restricting the factors of light intensity 
and the concentration of nutrient. 





684 PLANT PHYSIOLOGY 


the inducing stimulus for tuber production in the 
potato. 

In the observation of the above-mentioned critical 
factors, tuber formation was satisfactory despite the 
limited nutrition due to low concentration as well as 
the fact that photosynthesis was limited by low light 
intensity. This indicates that the culture method 
with restricted nutrients can be useful in studying 
organ differentiation. It further indicates that the 
mode of influence of factors on differential or quan- 
titative growth is dissimilar (fig 11). 

In an ordinary environment, growth usually is 
relatively constant; however, in a shifting environ- 
ment such as changing from field to controlled con- 
ditions, the plant shows either a specific growth be- 
havior or an inertia of its previous growing habits, 
with respect to the new condition. 

The fact that stem and leaf growth were quite 
contrasting when the plant was transferred from 
natural to room conditions, indicates that the growth 
of each organ must have an internal and independent 
mechanism, such as has been hinted at by other re- 
search workers on this problem (1). Inasmuch as the 
suppressed stem growth of transferred plants was op- 
posed by the stimulatory effect of incandescent lamps 
on stem elongation, indicates that the external fac- 
tors may exert their effects not directly upon the 
growth habits of plants but through the internal 
mechanism of growth. In other words, the growth 
habits of plants should be considered as the result of 
a cooperative reaction of external factors and internal 
mechanisms of growth. 

It might further be suggested that the change 
from one set of conditions to another, such as from 
natural to controlled, offers a method for distinguish- 
ing the specific character of the internal mechanism 
of growth for each organ. 


SUMMARY 


A low night temperature of 20 C and day temper- 
ature of 29C greatly promoted tuber formation in 
Ipomoea batatas as compared with constant temper- 
ature of 29C, day and night. Stem elongation, how- 
ever, was greatest under constant temperature of 
aC. 

All growth such as stem elongation, number of 
leaves, root development, tuber formation, etc., was 
a little more enhanced by temperature conditions of 
26C day and 20C night, than with 26C day and 
14C night. 

The experiments were carried out under low light 
intensity of incandescent lamps (150 ft-c), as well as 
low concentration of nutrients (% or \% the stand- 
ard), so that the resulting dwarfed plants could readily 
be handled in large quantity under uniform conditions, 


and laboratory scales could be used for obtaining fii.al 
results. 

Even under these restricted conditions, however, 
tuber formation was satisfactory if appropriate day 
length and thermoperiod were provided. Thus tie 
proportion of tuber weight to top weight 48 days 
after planting was about 22% under low nigit 
temperature, as contrasted with only 1% under con- 
stant temperature conditions. 

Specific growth responses which varied with dif- 
ferent organs were shown to exist under conditions 
of changing environment; it was suggested that such 
a conversion of conditions might be useful as a 
method for distinguishing the specific character of 
each organ growth. 
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INTERACTION OF GIBBERELLIC ACID & ALLYL TRIMETHYLAMMONIUM 
BROMIDE UPON GROWTH OF ULOTHRIX *? 
HERBERT M. CONRAD & PAUL SALTMAN 3 


DEPARTMENT OF BIOCHEMISTRY & NUTRITION, SCHOOL OF MEDICINE, 
UNIVERSITY OF SOUTHERN CALIFORNIA, Los ANGELES 7 


The ability of a series of choline analogs to pro- 
duce a form of dwarfism in wheat was recently de- 
scribed by Tolbert (7). One of the more potent com- 
pounds tested was allyl trimethylammonium bromide 
(AMAB). The most characteristic effect upon the 
growth of Thatcher wheat after treatment of the roots 
with AMAB was the development of stockier plants 
with short thick stems. This pronounced dwarfism 
is associated with shorter internodal distances. These 
symptoms appeared quite the opposite of those pro- 
duced by the application of gibberellin. Therefore, 
in extending their original observations, Tolbert (8) 
and Wittwer and Tolbert (9), particularly studied 
the antagonistic effect of gibberellin on AMAB in 
both wheat and tomato plants. At sufficiently high 
concentrations gibberellin was able to reverse com- 
pletely the morphological effects of the treatment 
with AMAB. A speculative mechanism was proposed 
in which the rather high degree of molecular struc- 
tural specificity observed for growth inhibition ac- 
tivity was compared with the well characterized 
structural requirements for inhibition of acetylcho- 
linesterase in mammalian systems. 

To gain insight into the mechanism of interaction 
of AMAB and gibberellins we studied their effects 
upon the growth of the unicellular filamentous green 
alga, Ulothrix subtillisima. This organism exhibits 
a particularly large and sensitive response to both 
indole acetic acid (IAA) and gibberellic acid (GA). 
At optimal concentrations of IAA a 13-fold stimula- 
tion of growth is obtained, both on the basis of net in- 
crease of wet weight and increase of cell number as 
demonstrated by Conrad et al. (2). Some of the 
advantages and disadvantages in using the algae to 
study plant growth substances have been reviewed 
recently by Conrad and Saltman (3). By working 
with this comparatively simple and undifferentiated 
system we have been able to demonstrate that not 
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only is AMAB a growth inhibitor at high concen- 
trations, but also is a growth promoting substance at 
low concentrations. Further, AMAB and GA are 
competitive inhibitors of each other in a fashion 
which we are not able to analyze by classical inhibi- 
tion kinetics. 


MATERIALS & METHODS 


The procedures followed in this work are identical 
with those described in our previous paper, Conrad 
et al. (2). Samples (10 ml) of a modified Bristol’s 
medium used by Bold (1) containing the designated 
quantities of GA and AMAB were pipetted into 
screw cap culture tubes and autoclaved for 15 min- 
utes at 121C. The stability of GA during autoclav- 
ing has been demonstrated both in this laboratory 
and that of Henderson (6). No loss in biological 
activity of GA is observed when the compound ster- 
ilized by heating in the Bristol medium is com- 
pared with material sterilized by filtration. A 
weighed inoculum of Ulothrix subtillisima Rabenh 
(obtained from the No. 462 Culture Collection of 
Algae, Indiana University) was introduced into each 
tube and was incubated at room temperature for 15 
days. Natural sunlight augmented during the day- 
light hours with fluorescent light was the only illumi- 
nation supplied. For every experiment two tubes for 
each experimental condition were run. Further, for 
any given experiment, all concentration variations 
were carried out at the same time and under the iden- 
tical environment. By such a_ technique internal 
standardization is achieved and any experimental arti- 
fact which might arise by variation in growth due to 
changes in light intensity, temperature, or CO, con- 
centration is avoided. At the conclusion of in- 
cubation, the algae were collected and washed on a 
tared Millipore membrane filter. The filter and 
algae were then air dried and reweighed. The values 
reported are the average weights at each condition. 
The net increase in weight is directly proportional 
to increased cell division. Algae from each experi- 
mental condition were examined microscopically in 
a wet mount under magnification of 1,250 x. 


ReEsutts & Discussion 


The response of Ulothrix to increasing concen- 
trations of AMAB is presented in figure 1. There 
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was no observable change in the morphology of the 
cells at any of the concentrations except at lethal 
levels. It is apparent from these results that AMAB 
is a growth promoting substance at concentrations 
of 10~® m and lower, but manifests an inhibitory re- 
sponse at higher concentrations. Concentrations of 
10-2 m and higher can cause complete cell destruc- 
tion. The shape of the growth curve illustrated is 
typical of those observed for both IAA and GA. 

The effect of varying the concentrations of 
AMAB upon the growth of the algae in a medium 
containing the optimal concentration of GA is shown 
in figure 2. It was previously found by Conrad et 
al. (2) that 50 ug/liter of GA produces the optimal 
growth response in this alga. It is quite evident that 
AMAB significantly antagonizes the growth stimul- 
ating effect of GA, even when applied in very low 
concentrations. Thus AMAB, although a growth 
promoting substance itself, can also be an inhibitor 































of GA. The general characteristics of this system 
are similar to those investigated by Foster, McR 
and Bonner (5) in their studies of the interaction >f 
2,4, dichlorophenoxyacetic acid and IAA in tie 
Avena section test. With this in mind, the next 
series of experiments was designed to employ the 
methods of enzyme kinetics to elucidate the nature of 
the interaction of AMAB and GA. If we were able 
to determine whether AMAB is a competitive inhi}j- 
tor or a non-competitive inhibitor, it might be pos- 
sible to understand more clearly the mechanism of the 
hormone action, 

Algae were grown in sub-optimal concentrations 
of AMAB in the presence of increasing concentra- 
tions of GA, and the net growth was measured (ti 
3). As expected, a definite inhibition of growth was 
produced. However, all attempts to interpret this 
data by known equations governing enzyme inhibitior 
kinetics described by Dixon and Webb (4) failed to 
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vield any typical linear relationship. Although it is 
clear that the system is not a non-competitive one, it 
is not possible to directly state that a simple competi- 
tive relationship holds. Calculations were made as- 
suming both a one and one-half and a second order 
reaction for each of the molecular species, but the 
non-linear relationship remained. 

When growth was studied in culture media con- 
taining AMAB at concentrations greater than opti- 
mal, 10~® M, in the presence of increasing concentra- 
tions of GA, similar competition was observed. As 
shown in figure 4, low concentrations of GA appear 
to inhibit the growth promoting effect of AMAB. As 
the concentration of GA increases the situation is re- 
versed and the AMAB begins to inhibit the growth 
stimulating effect of the GA. 

An extensive series of experiments was carried out 
to determine if there were any interaction of [AA 
and GA in the Ulothrix system. Over the concen- 
tration range of 10~§m to 10~-2mM for each of the 
growth substances no antagonistic or synergistic ef- 
fect could be observed. When IAA and GA were 
added together at their respective optimal concentra- 
tions, growth was the same as that observed with 
IAA alone. 

It is quite evident that the inhibition of GA ac- 
tivity by AMAB is partially reversible. Adding ex- 
cess GA to the medium overcomes the depressant ef- 
fect of AMAB, even when the latter is present in 
relatively large concentrations. These observations 
confirm the conclusions of Tolbert (8) and Wittwer 
and Tolbert (9) that a competitive interaction does 
exist. Whether this system is one in which the in- 
hibitor combines directly with the growth substance 
binding site, or a partially competitive system in 
which the inhibitor affects the affinity of the enzyme 
for substrate remains to be clarified. It is difficult 
to envision any structural similarity between GA and 
AMAB which would support the analogy between 
this system and that for cholinesterase inhibition. 
At present we are not able to offer a definitive 
mechanism for the action of AMAB in the algal sys- 
tem. Further investigations are in progress to test a 
number of possible hypotheses to clarify the bio- 
chemical events which lead to the stimulation and 
inhibition of growth of algae and higher plants by GA 
and AMAB. 





SUMMARY 


I. The interaction of allyltrimethylammonium 
bromide (AMAB) and gibberellic acid (GA) on the 


growth of Ulothrix subtilissima has been studied. 


II. AMAB can function both as a growth sub- 
stance at low concentrations and a growth inhibitor 
when applied at high concentrations. 


III. Experiments are presented to demonstrate 
that there is a mutual competitive inhibition of AMAB 
and GA. However, definitive interpretations of these 
results by means of enzyme inhibition kinetics are 
not possible. 


IV. No morphological changes due to the applica- 
tion of AMAB or GA were observed. 
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ABSORPTION, DISTRIBUTION, & METABOLISM OF 2,2-DICHLOROPROPIONIC ACI) 
IN RELATION TO PHYTOTOXICITY I. PENETRATION & 
TRANSLOCATION OF Cl**- AND C'*-LABELED DALAPON ? 

CHESTER L. FOY 


DEPARTMENT OF BoTANY, UNIVERSITY OF CALIFORNIA, DAVIS 


In studies of the toxic effects of herbicides, a dis- 
tinction is made between morphological and_bio- 
chemical selectivity (9) although it is known that 
the degree of selectivity is determined by many fac- 
tors (7). 

Much effort has been devoted to 2, 4-dichloro- 
phenoxyacetic acid and related compounds, but very 
little work has been reported on sodium 2, 2-dichloro- 
propionate (dalapon), a grass-selective systematic 
herbicide. However gross physiological responses of 
plants to dalapon have been described (12,31). The 
general processes of absorption, translocation, growth 
regulation, and herbicidal action have been reviewed 
recently (9, 10,24,30,32). The literature dealing 
with dalapon in these respects has also been sum- 
marized (12.) A few studies have dealt entirely or in 
part with the absorption and translocation of dalapon 
(19, 22, 27, 28,31). Recent studies with dalapon by 
Hilton et al. (20,21) have stimulated new interest in 
a possible biochemical explanation of herbicidal selec- 
tivity. 

This paper is one of a series of reports on field, 
greenhouse, and laboratory experiments from 1953 
through 1958 to study the mechanisms and importance 
of absorption, distribution, and metabolism of dalapon 
in relation to selective phytotoxicity. Portions of 
the findings have been abstracted (6, 13, 14, 15, 16). 


MATERIALS & METHODS 


Grain sorghum (Sorghum vulgare Pers., var. 
Double Dwarf Yellow Milo 38) and cotton (Gossy- 
pium hirsutum L., var. Acala 4-42) were the test 
species. These respectively represent susceptible 
monocotyledonous and tolerant dicotyledonous crop 
plants whose morphology and physiology have been 
studied (1,11). Fortuitously, sorghum is related 
taxonomically and morphologically to Johnson grass 
(Sorghum halepense L.), one of the most important 
perennial weed species against which dalapon is ef- 
fective. 


GRowTH OF PLANTS: Seeds were planted in 
sterile sand and subirrigated with tap water. The 
plants were washed free of sand 8 to 10 days after 
seeding, selected for uniform height, and transferred 


1 Received revised manuscript May 2, 1961. 


to aluminum-wrapped quart Mason jars containing 
1 nN Hoagland’s solution. Maximum height varia- 
bility allowed in any one experiment was 1 cm. The 
plants were allowed to acclimatize 10 days before 
treatment. By then, cotton was 6 to 10 cm tall with 
two true leaves not fully expanded; sorghum was 20) 
to 25 cm tall (longest leaf extended) with the fifth 
leaf small and immature and the sixth leaf not yet 
visible. Plants were then harvested at various inter- 
vals after treatment. 


CHEMICALS: The following radioactive chemicals 
were employed in the tracer studies: A: purified 2, 2- 
dichloropropionic acid-Cl°* in acetone (12 uc/ 
mmole), converted to the non-volatile sodium salt be- 
fore application to plants; B: 96 % Na-2,2-dichloro- 
propionate-2-C'* (0.98 mc/mmole) ; C: 78 % Na-2, 2- 
dichloropropionate-2-C'* (0.98 mc/mmole). Aqueous 
stock solutions of each were prepared to convenient 
volumes containing 0.1% anionic surfactant sodium 
dioctylsulfosuccinate (Vatsol OT). 


TREATMENT OF PLANTS: With two exceptions, 
labeled solutions were applied by pipetting 5 to 50 ul 
droplets on the upper or lower epidermis of a par- 
ticular leaf. 

When necessary to prevent runoff or to circum- 
scribe a uniform treatment area, the solution was con- 
fined with a starch-hardened lanolin ring or a well 
of Tygon tubing affixed to the leaf with starch- 
hardened lanolin. 

In the root absorption experiment, as before, the 
plants were acclimatized for 10 days after transfer 
from sand to nutrient solution. In this case, however, 
at 5 days, before the root systems became extensive, 
the cotton and sorghum were transferred into modified 
50-ml test tubes. Five days later the normal nutrient 
solution was replaced with 25 ml of fresh Hoagland’s 
solution containing 10 ppm (w/v) of Cl%*-or C1- 
labeled dalapon. This technique allowed the use of 
a minimum volume of tagged solution and, at the 
same time, prevented mechanical injury to the roots. 
Nutrient solution was added as needed to maintain 
liquid levels. In another experiment the method of 
treatment constituted one of the variables. Cotton 
plants were grown in soil to the stage when wood 
and bark were easily separable (about 30 cm tall). 
(Preliminary tests indicated this to be feasible. 
Early downward movement in the hypocotyl follow- 
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ing treatment was almost exclusively in the bark.) 
In half the plants, the bark and wood were carefully 
separated in the hypocotyl region (6-10 cm) just 
before treatment. The tissues were kept separate by 
inserting two thicknesses of Saran Wrap between 
bark and wood, thereby surrounding the xylem. The 
entire stem was then braced and wrapped with moist 
paper towels to prevent collapse and desiccation. 
Plants in the other group were left intact. Some 
plants in each group were fed measured amounts 
(20 ul) of 78% dalapon-2-C™% through a main vein 
of the second leaf, from a Tygon tube fitted as a 
sleeve over the vein; in others the second true leaf 
was excised and dalapon was introduced in a similar 
manner through the petiole; a third group was treat- 
ed by the conventional drop method, in this case off 
the main veins. At designated intervals after treat- 
ment, the plants were harvested at the ground line, 
sectioned into several parts, oven-dried (40C) be- 
tween blotters overnight, and mounted. The distribu- 
tion patterns were then determined by radioautog- 
raphy and counting. 


RADIOAUTOGRAPHY, CountTING, & CHROMO- 
TOGRAPHY: The radioautographic techniques devel- 
oped at the University of California (25,34) were 
followed. At harvest, the plants were blotted free 
of excess moisture with tissue paper, quickly frozen 
with dry ice, and vacuum dried at —7C. (In the 
root absorption experiments, labeled dalapon adsorbed 
on the root surfaces was first washed off by dipping 
and swirling the root five times in each of three 
separate wash water baths.) The dried plants were 
mounted on white paper, placed in contact with Kodak 
No-Screen X-ray film, and autographed for 3 or 4 
weeks. Usually, after radioautography, the entire 
plants were removed from the paper mounting for 
grinding and counting and/or extraction for chromo- 
tography. First, the treated area and a small amount 
of adjacent tissue were removed. With sorghum, 
this region was a 2-inch segment centered over the 
treated spot; with cotton, a 20-mm disc centered over 
the treated spot. 

Either four or five replicates were pooled and the 
entire plants, exclusive of the treated sections, were 
ground to 40 mesh in a Wiley mill prior to counting. 
Therefore no statistical analyses were made for the 
following three reasons, based on previous work (12, 
17). A: in the gross distribution studies, agreement 
in translocation patterns among replications was 
satisfactory (coefficients of variability, 10-15%); B: 
at the levels of radioactivity employed, which were 
usually within the limits of resolution of the X-ray 
film and of the human eye, quantitative count data 
were closely correlated with intensity and extent of 
spread on the radioautograms (see also fig 1); C: 
uptake and movement were frequently an all-or- 
nothing matter among replications, especially with 
very short treatments. Simple averages in such cases 
would mask the true picture and be misleading with- 
out supplementary information. 


In some regions of the plants, activity was so 
high that the corresponding region on the autograph 
was opaque, limiting interpretation from radioautog- 
raphy alone. Count data appropriately corrected 
for background, self absorption, and aliquot factors 
are given for most experiments. 

The only prominent radioactive substance found 
in treated plants or nutrient solution within 1 week 
was identified as dalapon by co-chromotography with 
the known authentic compound. The solvent sys- 
tems used were A: n-butanol and 1.5 n NH,OH 
(v/v), and B: 1-pentanol and 5 m formic acid (v/v) 
(42,37). 

Detailed procedures are given elsewhere (17) on 
the combined use of A: radioautography, B: extrac- 
tion and fractionation, C: counting, and D: paper 
partition chromotography for determining dalapon in 
plant tissues. Other procedural details are deferred 
to the results section of this paper. 


REsuLts & DIscussION 


Dosace SertEs & Acute Toxicity: Dalapon at 
high rates shows an acute toxicity similar to that 
of trichloroacetic acid. Where translocation and 
systemic action is the goal, such toxicity may be 
disadvantageous. 

Two leaf-drop tests with pure Cl**-and 96 % C14- 
labeled dalapon on sorghum yielded different results 
as rates were increased (table Ia, b). Absolute ac- 
tivities are not directly comparable between the two 


TABLE [ 


ErFFrect oF DosacE RATE & ACUTE ToxIcITy ON FOLIAR 
ABsorPTION & TRANSLOCATION OF LABELED 
DALAPON IN SORGHUM 








NET ACTIVITY* 


% oF 


APPLIED DOSE 


TREATMENT VOLUME 
(ul) 





cpm** 





A. Dalapon-Cl8*—acute toxicity (total dosages 
applied in 10 or 20 ul imcrements) 


1 10 183 32.4 
2. 20 167 14.8 
3. 40 105 4.6 
4 80 136 3.0 
5. 160 125 1.4 


B. Dalapon-2-C14—little acute toxicity (total dosages 
each represent a single application) 


d. 2.5 218 21.1 
2 5.0 492 22.7 
3. 10.0 963 23.3 
4. 20.0 1726 20.8 








* Counts are total net radioactivity (thin end window 
GM Tube) in dalapon translocated out of a 2-inch leaf 
section centered on the treated spot within 6 days. 

** Data may be expressed in other forms by using 
the following interconversions: Dalapon-Cl3¢ 10 wl 51 
ug dalapon, 0.0045 uc, 565 cpm; Dalapon-2-C'* wl 53 
ug dalapon, 0.100 uc, 4140 cpm. 
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runs, though dalapon concentrations are equal. 
Important is the comparison of trends with increas- 
ing dosages. Dalapon labeled either with C'* or Cl°¢ 
was not appreciably different in biological effective- 
ness from nonradioactive dalapon. The real differ- 
ence between the two runs resided in the fact that 
dalapon-Cl*® was applied in several increments (10 
or 20 wl) under conditions favoring acute toxicity 
from the first applications, whereas each dalapon-2- 
C'* treatment represented a single application under 
conditions less favorable for acute injury. The first 
series was applied over a 6-hour period, beginning on 
a warm, bright afternoon, and treated areas showed 
symptoms of acute toxicity (water-soaking, wilting, 
etc.) before all treatments were completed. Both 
solutions contained Vatsol OT (0.1%), but penetra- 
tion of a comparable volume was more rapid in the 
first test. In an attempt to prevent or minimize 
contact injury in the second run, single dosages of 
material of higher specific activity were applied in 
the afternoon of a cool, cloudy day. Total volumes 
were lower than in the first run. Stomata were par- 
tially open in the first run and essentially closed in 
the second. Almost no contact burning occurred in 
the second run (only small flecks scattered over the 
treated area). Other studies indicated that Vatsol 
OT was undoubtedly a factor in the acute toxicity. 
Less dalapon was translocated away from the treated 
section with the 20-l dose, and still less at higher 
dosages. The applied drop, as it dries, becomes more 
and more concentrated in dalapon and Vatsol OT, 
both of which become toxic as the concentration is 
increased. In other experiments, the pH of aqueous 
spray solutions of dalapon and the rate and kind of 
surfactant have been found to influence penetration 
and acute toxicity under certain conditions (12,15). 
The first experiments were also intended to es- 
tablish ranges in activity that would produce satis- 
factory autographs for study of distribution patterns. 
With small plants, dosages as low as 10 ul (about 50 
xg dalapon or 0.0005 uc total activity as Cl®*) pro- 
duced satisfactory autographs with 4 week’s exposure 
to the film. On the basis of those results, the dosages 
chosen for routine use were somewhat higher and all 
later treatments were made as single applications. 
From the autographs, it was clear that dalapon 
was distributed into all plant parts and became con- 
centrated in regions of active growth within 6 days. 
This accumulation was shown several times by com- 
paring quantitative count data on a specific activity 
(dry wt) basis, between plant parts corresponding to 
dark and faint areas on the autographs. There was 
sometimes a 20-fold difference in counts between 
growing tips and older tissue. Since radioautographs 
were available to supplement the overall count data, 
there was no great advantage in assessing all plant 
parts individually. With one exception, to be dis- 
cussed in a succeeding article, none of the treatments 
with radioactive tracers caused systemic dalapon in- 
jury. In these tests, the nature of the accumulation 
was not explained. The foregoing pattern of dis- 


tribution indicates movement with food materials n 
the phloem transport stream, as is apparently trie 
of other compounds, according to Crafts (5). On'y 
about 20 to 30 % of the applied activity was tran-- 
ported out of the treated section in 6 days. Whi 
there was little or no interference from acute toxicit 
the amount translocated out was directly proportion 
to the dosage, therefore percentages of the origin: 
dosages translocated out were almost identical at all 
dosages. As to the remainder of the dalapon, did it 
fail to penetrate or was it bound by the cuticle and/or 
tissues within the treated section? Short term ex- 
periments, to be discussed elsewhere, answered this 
question at least partially (submitted to WEEDS, 
March, 1961). If an abrupt threshold level of 
dalapon is required before further transport out of 
the section can occur [as suggested by Barrier and 
Loomis for P®? (2), Crafts & Yamaguchi for 2, 4-D 
(8), & Santelmann & Willard for dalapon (27) ] 
then the levels employed here were all obviously 
above it. 

Small quantities of some radioactive substance(s) 
were found in the guttate from hydrathodes and in 
the nutrient solution. This is not unexpected for in 
6 days, compounds may move to the roots in the 
phloem and up again through xylem. Lateral ex- 
changes between phloem and xylem are also possible 
during transport in either direction. The levels of 
activity in the guttate were not great enough to 
identify the radioactive entity. In two experiments 
this radioactivity was present in the guttate from 
hydathodes of sorghum 6 to 8 days after treatment 
with dalapon-Cl**, but was not readily detectable from 
plants similarly treated with equal or higher rates of 
dalapon-2-C!*. It was therefore hypothesized that 
the radioactive substance present in such small 
quantities (6-12 cpm above background) might be 
inorganic Cl** slowly removed from the dalapon mole- 
cule. This hypothesis agrees with the known re- 
activity of dalapon outside of plants (18) and with 
the readiness of inorganic chloride to become re- 
translocated in plants (33). (That the radioactivity 
was due, at least principally, to the labeled, non- 
metabolized dalapon molecule itself is now the most 
plausible explanation, in view of recent studies on 
the persistence and mobility of the labeled herbicide 
in plants. Some indications, however, still tend to 
support the hypothesis in the case of long term ex- 
posures in plants). 


— —-. fae 


AGE OF TREATED LEAF: There is disagreement 
on the influence of stage of growth on the herbicidal 
effectiveness of dalapon (12). To prevent variability 
caused by treating on several occasions, leaves of 
varying age (on plants all of the same age) were 
treated at one time. A standard rate of dalapon-Cl*° 
was applied to the first, second, third, or fourth leat 
of sorghum in the seventh-leaf stage of growth. 

The results (table I1) further substantiate move- 
ment with the phloem transport stream. The auto- 
graphs and counts show that total activity throughout 
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TABLE II 


Errect oF Ace & ASSUMED PHOTOSYNTHATE-EXPORTING 
ABILITY OF SORGHUM LEAVES ON FoLIAR ABSORPTION 
TRANSLOCATION OF DALApPon-Cl*6 








NET ACTIVITY* 





LEAF TREATED O% OF APPLIED 





cpm** DOSE 

as 104 37 
2nd 616 21.8 

3rd 649 23.0 

4th 406 14.4 





* Counts are total net radioactivity in dalapon trans- 
located out of a 2-inch leaf section centered on the treated 
spot within 6 days. 

** Dosage applied as a 50 wl drop (225 wg dalapon or 
0.0223 uc) are equivalent to 2,825 cpm (thin end window 
GM tube). 


the plant (or translocated from the treated section) 
was decidedly greater when the green, active, but 
well expanded second or third leaf was treated than 
when the fully matured (somewhat senescent) pri- 
mary leaf was treated Treatment of the large but 
young, actively growing fourth leaf produced an in- 
termediate response, possibly for two reasons which 
are probably related: First, although actively photo- 
synthesizing, the leaf was still in active growth and 
was itself a region of food utilization. More dalapon 
moving with photosynthates would thus remain in 
this leaf than in more mature leaves. Second, it has 
been suggested that the intercalary meristem region 
in a more immature leaf may restrict downward trans- 
port. The absorption and distribution patterns in 
this experiment agree well with those of preceding 
tests. 


ABSORPTION & DISTRIBUTION OF DALAPON 
TuHrouGH Fo.iacGe & Roots oF Cotton & SorGHUM 
AS FUNCTION OF TIME: To determine the quantita- 
tive uptake and distribution patterns of dalapon in 
cotton and sorghum three runs were made as follows: 
A: dalapon Cl** (cotton & sorghum) 1 hour, 8 hours, 
3 days, and 2 weeks treatment time (4 replications) ; 
B: repeat of A with dalapon-2-C'* (96 %); C: both 
dalapon-Cl** and-2-C'* (root uptake 1 hour, 8 hours, 
3 days, 10 days (nonreplicated). In all foliar ap- 
plications, 20-ul drops (about 100 ug of dalapon) 
were confined to a uniform area with rings of Tygon 
tubing. In the root absorption experiment, 10 ppm 
dalapon in the nutrient solution were chosen to ap- 
proximate 5 Ib per acre applied to the soil. In earlier 
field experiments, 3 to 6 lb per acre resulted in ac- 
cumulation of dalapon in cotton seed (14). This 
range is also used for control of seedling annual 
grasses. It was assumed that dalapon was distribut- 
ed uniformly throughout the soil solution of an acre- 
furrow-slice (about six inches) of a silt loam soil at 
25% moisture, i.e., near field capacity. Distortion 
might result from two possibilities: natural radio- 
isotopes in the mineral salts of the nutrient solution 
(later confirmed by experiment), and metabolism of 
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dalapon by fungi and algae in or at the surface of the 
containers. It was therefore considered more mean- 
ingful to measure activity in the plant and to derive 
that remaining in the culture tubes instead of revers- 
ing the procedure. 

The principal results, summarized ‘in tables III 
and IV, were confirmed by radioautography. First, 
although small amounts of dalapon were sorbed al- 
most instantly, continued absorption and translocation 
out of the treated section occurred relatively slowly. 
A small portion had migrated to other parts of the 
plant in 1 hour, but less than 2 % translocated out of 
the treated section within 8 hours. Treatment was 
made on days of variable cloudiness. The stomata 
of both cotton and sorghum were closed. Penetra- 
tion was therefore presumed to be primarily cuticular. 
Penetration was visibly slow; the drop had not dis- 
appeared at the time of the 1-hour harvest. 

The second noteworthy observation was the long 
period of penetration and translocation out of the 
treated section. When acute toxicity was not limit- 
ing, dalapon was apparently still being transported 
out of the section after 2 weeks. Washing experi- 
ments with corn and short term tests with radioactive 
dalapon indicated that penetration or absorption into 
the conducting tissues of the plant must also continue 
for considerably longer periods than the drop remains 
visible to the naked eye (12). No symptoms of 
burning were noticeable in these tests after 8 hours 
and few developed in the longer treatments. The 
behavior described above, and in preceding experi- 
ments, undoubtedly accounts for the long-delayed yet 
systemically effective results in some field tests, in 
contrast with experiments in which foliar destruc- 
tion was rapid but systemic control was ineffective. 

Third, although the tests were conducted at dif- 
ferent times and under slightly different growing con- 
ditions, results were uniform between cotton and 
sorghum and between the differently labeled herbi- 


TABLE III 


FoLtrAR ABSORPTION & TRANSLOCATION OF LABELED 
DALAPON BY Cotton & SoRGHUM AS 
FUNCTION OF TIME* 











% oF APPLIED % or APPLIED 

TREATMENT DALAPON-C136** DALAPON-2-C14** 
PERIOD - —— 
Cotton SorGHUM CoTTOoN SorGHUM 

1 hr is 0.7 0.4 0.7 

8 hr 1.4 1.7 1.5 2.2 

3 days 18.5 i) Bg 23.1 19.3 

2 weeks 20.5 26.6 32.0 29.8 


* Counts are total net radioactivity in dalapon trans- 
located out of a section of leaf, either 20 mm in diameter 
(cotton) or 2 inches in length (sorghum) centered over 
the treated spot. (Figures are averages of four replica- 
tions. ) 

** Dosages applied as 20 ul drops are equivalent to the 
following (counts by thin end window GM tube): dala- 
pon-Cl36 (102 wg or 0.0091 wc), 1,131 cpm; Dalapon-2- 
Cl4 (106 wg or 0.200 uc), 8,280 cpm. 
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TABLE IV 


Root ABsorPTION & TRANSLOCATION OF LABELED DALAPON 
BY Cotton & SorGHUM AS FUNCTION oF TIME* 








% oF APPLIED 


% OF APPLIED 
TREATMENT DALAPON-C136** 


DALAPON-2-C14** 


PERIOD | — —_——_— = 
Cotton SorchumM Cotton SorGHUM 

1 hr 1.0 1.6 5 1.1 

8 hr 12.2 8.9 6.9 8.0 

3 days 20.6 a 10.6 38.9 

10 days 42.5 78.4 28.6 54.0 


* Counts are total net radioactivity in a single intact 
plant. 

** Dosages applied as 10 ppm in the nutrient solution 
are equivalent to the following (counts by thin end win- 
dow GM tube): dalapon-Cl®®, 48.90 ul (250 ug or 0.0223 
uc), 2,765 cpm; dalapon-2-C!4, 47.17 ul (250 wg or 0.4717 
uc), 19,528 cpm. 


cides. It indicates no fundamental difference between 
the species in resistance to penetration and transport 
out of the treated section; this does not preclude the 
possibility that such differences may exist elsewhere 
(e.g., in the intercalary meristem near the base of 
grass leaves). 

Fourth, the variations among the data could be 
attributed to differential growth rates of the plants, 
a fact which was verifiable by calculating the data 
on a weight basis. For example, in table III, though 


a 


Fic. 1 A & A’ through C & C’. Radioautograms showing absorption and translocation of dalapon through roots 


penetration and initial movement were essential; 
the same in both sets of plants, larger amounts of 
dalapon were exported by the second set (treat: | 
with dalapon-2-C!*) because it grew more vigorous '\ 
and therefore probably exported photosynthates m 
freely. A similar effect is especially striking in tle 
root absorption experiment (table IV), where, aft: 
3 days, sorghum grew better than cotton in the smill 
culture tubes. In this case a greater absorption a: 
translocation in sorghum is probably due to a more 
extensive root system, (greater absorbing area) an 
a greater area of transpiring foliage, facilitating rapid 
uptake in the xylem. Other differences in table IV 
can also be correlated with plant size and vigor. 

Fifth, root absorption was slow initially, though 
generally more rapid than foliar uptake. Absorption 
of dalapon continued throughout the experiment, at 
first increasing linearly with time. Uptake in this 
experiment was probably facilitated by the continuous 
movement of air from greenhouse cooling fans over- 
head. Plants grew in culture tubes as well in spring 
as in Mason jars in winter. After about one week 
the close confinement of the roots was probably a 
limiting factor for growth. Experiments were ended 
after 10 days when necrosis not caused by dalapon 
occurred in leaves. 

Whether dalapon was applied to foliage or roots, 
centers of accumulation were definite in both species, 
if enough time for movement was allowed. For ex- 
ample, compare figures 4a-f for redistribution and 





of cotton and sorghum as a function of time. Exposure periods were as follows: (A&A’) 1 hr, (B&B’) 8 hr, (C&C’) 
3 days, and (D-F.+ D’-F’) 10 days. Photographs (A) through (E) (see next page) are of plants treated with dal- 


apon-2-.C!4, whereas’ the plant in (F) (next page), which was included for comparison with (D) (next page), was 


treated with dalapon-Cl°*, Compare autographs (A’ through F’) with quantitative data shown in table IV. 
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accumulation patterns of dalapon. Areas of high 
accumulation always corresponded to regions of 
young, active growth. In cotton, with foliar applica- 
tions these areas were the shoot apical meristem and 
young leaves (epicotyl in young plants), small auxil- 
lary buds (especially if activated by removal or decline 
of the adjacent leaf), young developing flowers, 
fruits, and seeds (in later experiments), and oc- 
casionally root tips. Movement of trace amounts of 
herbicide into the slow-growing roots of cotton also 
occurred, but build-up of activity was rare. In sor- 


ghum, regions of high initial activity were found in 


the young, growing leaves and actively growing roots 
(especially high in root tips). Accumulation must 
also occur in seeds of grasses, based on the expression 
of symptoms in the second and third generations of 
wheat (14). One other difference between species 
was an appreciably higher degree of retention of 
radioactive dalapon within the regions of the treated 
leaf of sorghum proximal to the area of application. 
This phenomenon also occurred with downward move- 
ment following root absorption and upward xylem 
transport. In each case, this behavior was most ap- 
parent in younger leaves. With foliar application, 





Fic. 1 D & D’ through F & F’. 
Radioautograms showing absorp- 
tion and translocation of dalapon 
through roots of cotton and sor- 
ghum as a function of time. Ex- 
posure period: (D-F + D’-F’) 
10 days. (See legend on previous 
page for complete explanation.) 








dalapon appeared to move to regions wherever food 
materials were being used. Once having left the 
treated leaf, the tracer moved predominantly upward 
in most plants except for movement into actively 
growing secondary roots—of sorghum, especially. 
With both cotton and sorghum, small amounts of 
radioactivity were again detected in the culture 
medium. Thus movement downward into the roots 
is not obligatory; rather dalapon moves to regions 
where food materials are being actively transported— 
probably simultaneously. A considerable portion of 
radioactive dalapon never penetrates, or enters very 
slowly over long periods if no acute toxicity occurs. 
Moreover, while enroute, some radioactivity is re- 
tained by the tissues through which it passes. The 
degree of such retention is known to vary with differ- 
ent compounds (8), and the present experiments in- 
dicate that differences exist between plant species in 
their ability to impede the transport of dalapon. The 
retention is undoubtedly due, in part, to weak adsorp- 
tive forces; later tests show, however, that true ac- 
cumulation is probable, and a very small amount of 
radioactive substance(s) may also be incorporated 
into the tissues beyond periods of 1 week. That 
radioactivity appears in the youngest growth regions 
of cotton after two week’s exposure or more (i.e., 
in organs not yet formed at the time of treatment) 
indicates either A: that absorption and translocation 
from the treated region continued over this period, 
or B: that retranslocation of absorbed dalapon oc- 
curs. Evidence from several later experiments show- 
ed that both occur under appropriate conditions. 

In the root absorption experiment (see fig 1), 
traces of dalapon appeared in all parts of the plants 
within 1 hour. After 8 hours, activity was still great- 
est in the growing roots (especially the tips), but 
images in the tops were also uniformly strong. Thus, 
distribution in the transpiration stream was about 
equal in the different organs. After 3 days, however, 
accumulation was greatest in the epicotyls of cotton 
and the actively growing regions of young sorghum 
leaves. Therefore re-translocation of dalapon was 
indicated, probably in the phloem with the movement 
of food materials. It is unlikely that regions of high 
activity resulted from differential rates of transpira- 
tion, since initial rates were apparently the same. 
Furthermore, even though the cuticle was thinner in 
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younger leaves it was also more likely to be contin:1- 
ous (unperforated). Also the regions of high: 
activity in cotton after 2 weeks were the young leave 
in sorghum, the older leaves, which dalapon enter: 
first, possessed the greatest activity. Since depleticn 
of dalapon in the solution is not likely (about 25-50 
of the original dose remained), the differences appear 
clearly due to the higher degree of retention of dal:- 
pon in the sorghum leaves. 

Indications are that dalapon did not (finally) ac- 
cumulate in the terminal buds in as high concentration 
in grasses as in cotton. Recently, the same phenome- 
non was demonstrated for TBA (2,3,6-trichloroben- 
zoic acid). TBA rapidly accumulated in the terminal 
bud of red kidney bean but not of corn (23). Thus 
the results could be ascribed partly to characteristic 
differences in the plants, rather than entirely to differ- 
ences between compounds. In either case, dalapon or 
TBA, the translocation patterns were apparently in- 
fluenced strongly by the anatomy of the plants. That 
these two compounds exhibit opposite specificities 
would tend to minimize the importance of the fore- 
going as an explanation of herbicidal selectivity. 
With trichloroacetic acid (3, 4,29), tolerant species 
frequently have a higher content of herbicide in the 
cell sap than do closely related susceptible species! ! 

The differences between C'#- and C**-labeled 
dalapon in density pattern on the autographs merit 
mention. In leaves positioned with the ventral side 
toward the X-ray film, the main veins containing C' 
appear light and those containing Cl®* appear dark. 
The difference may be due to the differences in the 
beta radiation energies of the two isotopes and their 
abilities to pass through plant tissues, rather than to 
any difference between the two compounds in bio- 
logical behavior. Other experiments indicate that 
some chlorine may be substituted off after long ex- 
posures in the plant. The amount, however, would 
be very slight in terms of the total activity present. 


o 


Ge we 


LEAKAGE OF RADIOACTIVE DALAPON From Roots: 
The radioactivity detected in the culture medium fol- 
lowing foliar application to cotton and sorghum was 
investigated further. Plants were grown and treated 
with 96 % dalapon-2-C'* in the usual manner. Then, 
one-third of the plants were transferred to Hoagland’s 
solution, one-third to tap water, and one-third 


TABLE V 


Heicut & Vicor oF PLANts TREATED WitH DaLapon-2-C!4, & Grown IN DIFFERENT 
Cutture MepIA For 8 Days 























Cotton SorGHUM 
CULTURE MEDIUM H = 7 
T ; Hr . 
(cm) GrowTH (om) GrRowTH 
Hoagland 20 Normal 40 Normal 
Tap water 16 Reduced, no chlorosis 36 Youngest leaves chlorotic, other- 
Doubly distilled deionized water 11 None after transfer, leaves dark 33 wise normal. 


green, general loss of turgor, 
some breakdown of roots. 


None after transfer, leaves darker 
green, otherwise normal. 























to doubly distilled deionized water. These variables 
were introduced to create different degrees of 
ionic unbalance. Thus, if the radioactivity were 
due to leakage instead of artifacts or natural 
radioisotopes, the amounts obtained could be increased 
by altering the permeability of the root cells. The 
condition of the plants at harvest is summarized in 
table V. Symptoms of normal or abnormal growth 
were uniform among replications. It is clear that 
sorghum grew better than cotton in nutrient-deficient 
media. This is consistent with the extreme sensitivity 
to calcium deficiency of upland varieties of cotton 
seedlings (26). The pH of solutions, between 5 and 
6 at harvest, did not likely affect the results. Vol- 
umes of the solutions were reduced on a steam plate 
until the concentrate from an entire treatment solu- 
tion (about 800 ml) could be placed in a planchet 
and counted. The radioactivity detected is shown in 
table VI. 


TABLE VI 


LEAKAGE OF FoLtAr-AppLIED DALAPON-2-C14 From 
Roots or Cotton & SorcHuUM INTO VARIOUS 
Cutture MeptA WITHIN 8 Days* 








NET RADIOACTIVITY (cpm) 














——— a Corton SorGHUM 
MEAsuRED AcCTUAL** MEASURED ACTUAL 

11N 73.0 3.0 73.0 0 
Hoagland’s or less 

solution 

2. Tap water 44.3 44.3 0 0 

3. Doubly- 56.0 56.0 6.8 6.8 
distilled 

deionized 


water 





* Dosage applied as 20 ul drops to 1 cotyledon (cot- 
ton) or the third leaf (sorghum) are equivalent to 106 
ug dalapon (0.20 uc) or 8,280 cpm (thin end window GM 
tube). 

** Figures are corrected, wherever necessary, for radio- 
activity already present in the mineral salts of the nutrient 
solution. 


The results indicate that under normal treatment 
conditions in the greenhouse (about 100 ug dalapon 
or 0.2 ue activity) no dalapon (or only a _ trace 
amount) is lost from the roots of cotton or sorghum; 
most of the radioactivity detected earlier was due to 
radioisotopes in the mineral salts in the nutrient solu- 
tions. It is clear from table VI, however, that by 
creating an ionic unbalance and thereby apparently 
increasing the permeability of root cells to solutes 
increased the measured activity. Furthermore, the 
leakage of dalapon was induced much more readily 
in cotton than in sorghum. The radioactive substance 
lost from the roots was shown to be dalapon in this, 
and in one other experiment where leakage occurred 
into Hoagland’s solution from both cotton and sor- 
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ghum following application of much higher doses of 
dalapon-2-C!*. Several jars of solution were acidi- 
fied, extracted continuously with ether, washed with 
Na,CO, or NaOH, and chromatographed. The un- 
known radioactive compound co-chromatographed 
with pure authentic dalapon, and no other measurable 


spots were present. 


Entry & DIsTRIBUTIONAL PATTERNS OF DALAPON 
IN Cotton, AS INFLUENCED BY METHOD OF TREAT- 
MENT: Conclusions have sometimes been based on 
uncertain assumptions that entry and distribution are 
by a certain tissue pathway. An experiment was 
designed to compare relative rates of entry of dalapon 
and distributional patterns within the plant, and, ideal- 
ly, to determine the tissues through which transport 
in the stem occurred (predominantly or exclusively) 
with three methods of treatment. 

It became obvious that the cut vein and cut petiole 
were more efficient routes of entry of dalapon than 
was absorption by the usual drop method. The solu- 
tion was absorbed at the rate of 1 ul per minute by 
either the cut vein or cut petiole method; with the 
third method, however, the drop did not dry for well 
over 1 hour. Much of the dalapon finally dried in 
place on the leaf surface. This agrees with the re- 
sults of preceding tests. The different patterns on 
the autographs were explainable on the basis of the 
rapid intake into the xylem and spread by the trans- 
piration stream in the plants treated through cut 
veins or petioles. Most of the C'* which entered by 
cut veins was swept outward through the other two 
main veins of the treated leaf, simply because these 
had first access to the introduced dalapon. In plants 
treated through the cut petioles, most of the radio- 
active material moved upward with the transpiration 
stream into all parts of the top. Relatively much less 
dalapon entered by the drop method, some of which 
moved upward, presumably in the xylem also. Some 
downward movement occurred in the phloem in all 
treatments. Following treatments of long duration 
(6 hr), analyses showed radioactivity in both the 
xylem and phloem of the hypocotyl, as well as the 
first internode area, regardless of whether these tis- 
sues were intact or separated. Activity in the xylem 
was usually considerably less than activity in the 
phloem, though sometimes almost equal to it. Since 
lateral movement from phloem to xylem and xylem 
to phloem are known to occur, this would not be 
surprising except in those plants in which bark and 
wood were separated before treatment. In the latter, 
appreciable downward movement in the xylem and/or 
lateral movement through the separating membrane 
were discounted as possible explanations. Rather, 
this distributional pattern resulted from the fact that 
dalapon moved laterally into the xylem (below the 
separated section of hypocotyl) and was swept upward 
again into the separated area via the transpiration 
stream. Movement of dalapon well below the soil 
line had occurred repeatedly in much shorter periods. 
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SUMMARY 


I. Dalapon-2-C'* and -Cl°* were employed in 
tracer studies on cotton (a tolerant species) and sor- 
ghum (a susceptible species). The only prominent 
translocated radioactive substance was identified by 
co-chromatography as the original dalapon molecule 
(or dissociable salt thereof). 


II. That dalapon enters and moves readily 
through leaves and roots of cotton and sorghum, was 
confirmed by radioautography and counting. Some 
foliar sorption (primarily cuticular) occurred almost 
immediately in both species. 


III. Acute toxicity at the point of foliar applica- 
tion, whether due to excess H ions, herbicide, or toxic 
surfactant, reduced or prevented systemic distribution. 
In the absence of acute toxicity, absorption and move- 
ment out of the region of application were protracted 
(2 weeks or longer). 


IV. Transport occurred readily via the transpira- 
tion stream (following uptake by roots, severed vein, 
or severed petiole), in the phloem (associated with 
and apparently dependent upon the movement of 
photosynthates), and laterally in phloem-xylem in- 
terchange. In both tolerant and susceptible species, 
re-translocation and accumulation occurred in re- 
sponse to shifts in loci of high metabolic activity. 


V. Some leakage of foliar-applied dalapon oc- 
curred, from roots of cotton especially, and also from 
sorghum under certain conditions, and slight radio- 
activity was detected in the guttate from hydathodes 
of sorghum. 


VI. Despite its ready mobility, some dalapon was 
retained in transport. Restriction of dalapon move- 
ment was especially noticeable in the basal sections 
(intercalary meristem regions) of young sorghum 
leaves. Probable factors are accumulation by living 
cells and weak absorption on colloidal surfaces. 


VII. Neither penetrability nor metabolic inacti- 
vation appears to play a major role in determining 
species specificity in the action of dalapon to sorghum 
and cotton. Furthermore, differences in transloca- 
tion observed among these species would tend to 
minimize or refute the importance of such differences 
in determining herbicidal selectivity. Penetration 
and translocation are quantitatively influenced by nu- 
merous factors. The key to the selective growth 
regulating activity of dalapon, however, seems un- 
questionably to reside in the protoplasm. 
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Patterns of absorption and initial translocation of 
Cl*®-and C!*-labeled 2,2-dichloropropionic acid (dala- 
pon) in both tolerant and susceptible species were 
described earlier (8). Of equal or perhaps more 
importance in understanding the physiological action 
of growth regulators are the long-term translocation, 
re-distribution, accumulation, and metabolic fate of 
the compound in association with plant tissues. The 
recent emphasis on pesticide residues in food and feed 
products has given the latter considerations an addi- 
tional order of importance. Despite the foregoing, 
perhaps our greatest ignorance of herbicides today 
concerns their ultimate fate in plants. The tendency 
of a herbicide to persist in an active form or to be 
detoxified rapidly is likely to be of primary im- 
portance, whatever the precise mechanism(s) of herb- 
icidal action. 

All of a given herbicide that enters a plant, e.g. via 
the leaves, is not necessarily available for transloca- 
tion and/or herbicidal action. Possible mechanisms 
accounting for the immobilization, inactivation, or dis- 
appearance of the compound are adsorption on colloid- 
al surfaces, true accumulation by living cells, metabolic 
degradation followed by loss or incorporation of 
breakdown products, and reduced movement due to 
phase distribution effects as on a chromatogram (6, 
29, 30,31). The direct loss of various substances 
from roots or other plant parts may also occur (4, 
5, 8, 14, 16, 26). 

Considerable research has been conducted on the 
loss or persistence of 2,4-dichlorophenoxyacetic acid 
(2,4-D) in both active and dormant tissues (17, 18, 
19, 22, 29,31). Several papers are summarized in 
a recent review (33). Radioactive 2,4-D is known 
to be metabolized to varying degrees in plant tissues, 
with the resultant incorporation of C!*-labeled com- 
pounds and the evolution of C'*O,. Strong evidence 
exists also for relatively long persistence of 2,4-D in 
plants, which leads to symptomatic expression in suc- 
ceeding seasons (perennials) or succeeding genera- 
tions (annuals) by transmission through dormant 
buds or seeds. This latter phenomenon has been ob- 
served following both foliar and root applications. 
2,4-D is known to persist in plants for longer periods 
than exogenous indoleacetic acid. 


' Received revised manuscript May 10, 1961. 
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Prior to the present series of experiments (6, 8), 
none of the foregoing topics had been investigated 
with respect to dalapon. Herein are reported the 
results of several studies on the distributional and 
metabolic fate of dalapon in association with plant 
tissues. Finally, these results, as well as experimental 
findings from other sources, will be discussed in rela- 
tion to possible mechanisms of herbicidal selectivity. 


MATERIALS & METHODS 


The general techniques and materials employed in 
these studies have been described (8,9). Radioau- 
tography, counting, extraction and fractionation, and 
paper partition chromatography were combined to 
yield both qualitative and quantitative results. 

As in the studies reported earlier (8), the follow- 
ing radiolabeled chemicals were used in treating plants 
or plant material: A: purified 2,2-dichloropropion- 
ic acid-Cl** in acetone (12.78 uc/mmole converted to 
the sodium salt in aqueous solution before application 
to plants; B: 96% Na-2,2-dichloropropionate-2-C" 
(0.98 mc/mm); 78% Na-2,2-dichloropropionate-2- 
C4 (0.98 mc/mm). In addition, Na-2,2-dichloro- 
propionate-2-C'* (containing on a radioactivity basis 
over half LiCl**), monochloropropionate-2-C', and 
2,2,3-trichloropropionate-2-C!* were used as standards 
in chromatography. 

Extracts were spotted approximately one centi- 
meter diameter on Whatman No. 1 filter paper by 
use of a micropipette. After equilibration, the chro- 
matograms were developed one-dimensionally over- 
night using n-butanol and 1.5 N ammonium hydroxide 
(6,9, 25). 

In one phase of the study, dried, ground fruits 
of cotton were extracted and fractionated according 
to the scheme shown in figure 1. 

Further procedural details are given in the Results 
section. 


REsuLts & Discussion 


DEGRADATION BY Micro-OrGANISMS: Herbicidal 
activity may be diminished in soils by volatilization, 
leaching, fixation by adsorption to soil colloids, chem- 
ical or photochemical decomposition, and micro- 
biological breakdown. The last of these is perhaps 
of greatest importance in the disappearance of most 
organic herbicides tested thus far. Other effects such 
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as temperature, moisture, organic matter content, 
nutrient levels, pH, etc. appear to be principally in- 
direct manifestations of the level of activity of soil- 
borne micro-organisms. 

Dalapon has little residual effect under conditions 
favorable to leaching and/or high micro-biologic ac- 
tivity (13,27), but it is known to persist in the soil 
for long periods under less favorable conditions. 

During the present studies, one of the first aliquots 
of pure dalapon-Cl** became contaminated by micro- 
organisms despite storage in a refrigerator. The 
changes which occurred in pure stock solution offered 
positive proof that some species of fungi, possibly 
Alternaria sp., are capable of using dalapon as a sole 
substrate to synthesize new substances. The number 
of Cl°*-labeled metabolites formed was somewhat sur- 
prising. Average R; xX 100 values and tentative 
identification of some of the spots were as follows: 
8 (inorganic Cl®*), 19, 34 (monochloropropionate), 
42, 51 (dalapon), and 62. No special attempt was 
made to identify the other three substances, but these 
results were confirmed many times. Dissolving the 
compound in alcohol rather than water prevented 
breakdown, but since alcohol is not a normal com- 
ponent of herbicidal sprays, and might exert some 
unknown effects upon permeability, its routine use 
was discounted. It was virtually impossible to use 
aseptic techniques in making numerous applications 
in the greenhouse from the same stock solution vials 
and it was not feasible to re-purify repeatedly. This 
serious technique difficulty was overcome by keeping 
all stock solutions frozen except during transfers. 
In order to avoid errors due to volume changes, the 
tubes were warmed each time to approximately 25 C, 
the temperature at which they were prepared. 


METABOLISM BY HIGHER PLANTs: 1. Preliminary 
observations. The primary interests in these studies 
were A: to determine whether dalapon is translo- 
cated and accumulated as the intact molecule or is 
degraded rapidly in tolerant and/or resistant species ; 
B: to determine what metabolic changes occurred 
(if any), and C: to relate such information to its 
herbicidal properties. In all short term experiments 
(3 days or less), in which expressed plant sap was 
chromatographed directly, only dalapon (R, 0.4-0.6) 
or dalapon plus impurities present in the treatment 
solution were found. Also, by the liquid extraction 
of corn leaf disks with water or ethanol 3 hours after 
treatment (6,9) no new compounds were detected on 
chromatograms of the extracts and the ratios of dala- 
pon to radioactive impurities already present were 
not altered by any (or all) of the following treat- 
ments: A: freezing overnight and thawing; B: 


extracting in an oven (24 hr at 50C); C: adding 
0.1% Vatsol OT to the extracting medium. The R, 
values of dalapon and contaminants (acetate, pyruv- 
ate, monochloropropionate, & 2,2,3-trichloropropion- 
ate) were lower, in general, than those obtained by 
Smith (25), using ascending chromatography. 

The foregoing, plus results reported earlier (8), 
indicated that dalapon was metabolized very slowly, 


if at all, in cotton, sorghum, and corn; however, other 
tests using more refined techniques were considered 
necessary. 

2. Reaction with tissue homogenates. Eithe 
dry or fresh whole cotton or sorghum plant materia 
was homogenized in a ground glass tissue homo 
genizer at room temperature. Weights were com 
puted to be equivalent to 0.2 g dry wt/10 ml H.O 
Then 1 ml aliquots, comparable on a density of dr) 
matter per milliliter basis, were placed in unstoppere 
bacteriological culture tubes with 10 «l 96 % dalapon 
2-C'4 for 3 hours at 25C. Some aliquots were boile« 
and re-cooled before adding dalapon; others wer 
frozen and thawed; still others were added directl\ 
to fresh or dry tissue. After 3 hours, the contents 
of all tubes were frozen rapidly, then thawed one by 
one, centrifuged, 200 ul of the supernatant chromato 
graphed and another 200 ul aliquot plancheted and 
counted. The test was designed to determine whether 
or not rapid and obvious enzymatically-controlled 
changes occur in the dalapon molecule while in as- 
sociation with tissue homogenates from higher plants. 
Also, the counts obtained from an aliquot (multiplied 
by a factor and subtracted from the total activity 
added) yielded the amount of dalapon held in or on 
plant material. Furthermore, any that remained with 
the plant residue after exhaustive washing with sev- 
eral hundred volumes of water was presumed to be 
metabolically incorporated in a non-diffusible con- 
stituent. 

No new compounds appeared in any treatment. 
If dalapon was transformed into other compounds, 
the concentrations were too low for detection by the 
method used. The lowest possible limits of detect- 
ability by the radioautographic method were not 
established, however, levels of activity corresponding 
to 13.3 ug dalapon or 2.8 ug Cl** were discernible 
as images on the X-ray film and by counting (scan- 
ning chromatograms). Therefore the sensitivity of 
the method was as great or greater than these levels. 
Approximately 30 to 40 % of the dalapon was loosely 
adsorbed on plant material, but no appreciable differ- 
ences were noticeable among treatments or between 
species, and all of the activity was easily removed by 
washing with water, thus indicating that no metabolic 
incorporation into insoluble macromolecules occurred. 
The experiment was repeated using dalapon-Cl**, 
and the same general results were obtained. 

3. Chromatography of extracts of various plant 
parts. Cotton and sorghum plants were treated as 
in previous tests with 100 ul of either dalapon-2-C'' 
(96 %) or dalapon-Cl%*, The plants were grown in 
a light cabinet (500-600 ft-c) for 7 days, washed 
free of surface radioactivity and sectioned as follows: 
Cotton, 1) cotyledons (treated); 2) epicotyl (less 
stem below Ist leaf) ; 3) stem (epicotyl & hypocotyl), 
and 4) roots; Sorghum, 1) second and third leaves 
(treated), 2), first, fourth, fifth, and sixth leaves 
(including sheaths), 3) younger leaves and stems, 
and 4) roots. The plant sections were homogenized 
as in the preceding test and aliquots of these aqueous 
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extracts and of the nutrient solutions were chromato- 
craphed. See (9) for detailed explanation of tech- 
niques. R,y values of the radioactive compounds ex- 
tracted from all plant parts of both species were iden- 
tical with those of authentic dalapon. Concentrations 
of activity were greatest in the treated sections and 
in the epicotyls (of cotton). This is in agreement 
with other tests. Although the spots on the chromato- 
erams were sometimes displaced by high solute con- 
centrations in the drop, it was clear that dalapon and 
no other prominent radioactive species was recovered 
irom all plant parts of cotton and sorghum, and from 
both of the nutrient solutions. Representative co- 
chromatograms are shown in figure 2. There was 
some indication of a slight increase in the inorganic 
chloride spot (a trace was already present as an 
impurity in this aliquot). Although not quantitative- 
ly convincing, this may have some importance in in- 
terpreting the initial breakdown steps of dalapon in 
plants. In comparison with the preceding test it is 
of interest to notice that a small amount of radio- 
activity, highest in the treated sections and the epi- 
cotyl (of cotton), but present in all plant sections, 
was not removable. Thus it appears that the equiv- 
alent of 3 to 300 cpm/sections was metabolically in- 
corporated into insoluble constituents after 1 week in 
cotton or sorghum. In the case of C'4-labeled dala- 
pon, this would correspond to approximately 0.002 uc 


-@ .0 be 
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Fic. 2. Radioautograms of representative co-chro- 
matograms. A: 5 wl 96 % dalapon-2-C'* stock solution. 
B: 5 wl impure 2,2,3-trichloropropionate-2-C14 (TCP). 
C: Dalapon plus TCP, 5 wl each. D: Aqueous extract 
from roots of dalapon-treated cotton plants. E: Extract 
in D plus dalapon. F: Aqueous drop (from ether ex- 
tract) of nutrient solution in which dalapon-treated cotton 
was grown. G: Extract in F plus dalapon. H: Aque- 
ous extract from dalapon-treated leaves of sorghum. I: 
Extract in H plus dalapon. See text for more complete 
explanation. 


(1.1 ug dalapon) per sorghum plant, and 0.01 ue (5.3 
ug dalapon) per cotton plant when the applied dose 
was 1.0 uc (530 ug dalapon) in each case. 

To complement these experiments, dried plants or 
parts of plants known to contain high activity were 
selected from experiments reported earlier (8), and 
were extracted and chromatographed in a similar 
manner. Essentially the same results were obtained 
as follows: A: dalapon was recovered repeatedly ; 
B: there was a suggestion of an increase in the 
Cl®* spot after 2 weeks, but again this was incon- 
clusive; C: after 6 to 8 days, a small amount of 
radioactivity was not removable from the plant residue 
by homogenizing and washing exhaustively. These 
results all show that essentially the only radioactive 
product extractable with water after treatment periods 
of 8 days or less was dalapon; however, a very small 
amount of activity seems to be chemically bound thus 
indicating a very slow incorporation of the labeled 
atom(s) into insoluble compounds. 

4. Distributional and metabolic fate of dalapon 
in fruiting cotton plants. With the foregoing results 
in mind, it was considered desirable to conduct longer- 
term studies along similar lines. This experiment 
was outlined with two objectives as follows: A: to 
determine distribution and accumulation patterns of 
dalapon in flowering and fruiting cotton plants, which 
could be correlated with field investigations (some 
already reported, and others to be mentioned in this 
section); B: to determine whether or not dalapon 
undergoes measurable change after long periods, (9- 
10 weeks) in cotton, and if any is carried non-metabo- 
lized into the fruits. Cotton was grown in the green- 
house to the early stages of reproductive growth and 
treated by the cut petiole method already described 
(8). This insured the rapid introduction of a rela- 
tively large amount of pure radioactive compound into 
the xylem stream, simulating uptake through the soil, 
but without the complications of soil dilution, adsorp- 
tion, etc. Also, this technique eliminated the possi- 
bility of micro-biological breakdown outside the plant 
and subsequent absorption of the degradation prod- 
ucts, which is known to occur from nutrient solutions 
after several weeks. The gross distribution of dala- 
pon in the vegetative plant body followed the patterns 
already established. In this case, there were addi- 
tional sinks or regions of utilization of food materials 
into which dalapon was also transported and held. 
These organs, the reproductive structures, are of 
most interest in this study (See fig 3 A through D). 

It was clear from the autographs that radioactivity 
was present in some reproductive structures, both 
those already formed at the time of treatment and 
those developed after treatment. This observation, 
plus the fact that the amounts of activity present ap- 
peared to be correlated with the movement of as- 
similates into organs of different ages and relative 
rates of growth, indicate that accumulation in young 
flowers, fruits, and seeds was principally by re-dis- 
tribution in the phloem with the inward movement of 
food materials. This position is further strengthened 
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by the fact that although the entire vegetative tops 
of the plants are known to be rather uniformly flooded 
with dalapon via the transpiration stream within 6 
hours (8), none of the so-called squares (i.e., both 
pre-bloom ovaries & immature fruit stages) which 
abscised within 7 days after treatment contained 
radioactivity. (The special term “square” refers to 
the angular appearance created by the leaf-like bracts 
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subtending the flower or fruit.) Little or no move 
ment into a mature leaf below the treated node oc 
curred. Radioactivity was present in all flower parts 
including bracts, calyx, corolla, and especially th 
stigma, staminal column, and individual anthers 
Young fertilized ovaries and immature fruits wer 
also high in activity. In the case of older fruits (fig 
3 C) it is also clear that activity is widely distributed, 





Fic. 3 A through C. Distribution 
of C14 in reproductive organs of cotton 
resulting from introduction of dalapon- 
2-C14 through cut petioles. (A & A’) 
treated petiole and flower parts which 
abscised two weeks after treatment. 
Note high activity in bracts, calyx, 
fertilized ovary, stigma, staminal 
column, and anthers. (B & B?’) 
Young and almost mature fruits 9 to 
10 weeks after treatment. Note ac- 
tivity in all parts with highest concen- 
tration in the seeds. (C & C’) 
Treated petiole, nodal region, leaf, 
fruit stalk, and portions of mature 
fruit 9 to 10 weeks after treatment 
(upper half). Note high concentra- 
tions in fruit wall and in the embryos, 
with only traces of activity in the 
ovule coats. (Lower half of photo- 
graph from an untreated check plant). 
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e.g., in the outer fruit walls, carpellary partitions, and 
seeds, and there was a slight indication of activity 
even in the fiber. It is especially noteworthy that 
within the mature or nearly mature seeds, radioactivi- 
ty is highly concentrated in the embryo, with only 
traces in the ovule coat. This agrees well with the 
deep-seated nature of an observed delay in germina- 
tion (6) and the recovery and identification of actual 
dalapon from cotton seeds following field application 
(7). 

In the second phase of this study, whole treated 
fruits were pooled, dried, ground, extracted, and frac- 
tionated according to the scheme shown in figure 1. 
Similar samples of older leaf tissue and from non- 
treated plants were included for comparison. Since 
activity was too low in the mature leaf samples for 
valid appraisal (i.e., considerably less than in the 
fruits on a dry weight basis), and since no activity 
was detected in non-treated plants, only the results 
with the fruit samples are presented. Since these 
samples were not accurately corrected for self-absorp- 
tion loss, the amounts of radioactivity recovered in 
the various fractions as shown in table I are only 
relative (not absolute). Nevertheless, some trends 
were obvious. Most of the activity followed the 
route which dalapon would take in the extraction 
and fractionation scheme, i.e., into the ethanol extract, 
then into the anionic fraction. This fraction con- 
tained only one prominent radioactive species which 
corresponded in R; to dalapon. Also activity in the 
distillate and in the neutral fraction is considered to 
be dalapon, at least in part. Chromatograms of the 
neutral fraction gave somewhat anomalous results due 
to the high concentration of solutes in relation to the 
activity required to produce an image. Although 
not positively identified, there were at least two spots, 
one of which appeared to be dalapon. (This could 


TABLE [| 
CHEMICAL DistrIBUTION OF C!4 RADIOACTIVITY IN CoTTON 
Fruits 10 Weeks AFrrer INTRODUCING DALAPON-2-C14 
THROUGH SEVERED PETIOLES* 








FRACTION cpm 
Ether extract 38 
Na,CO, Wash of ether extract 0 


(After separation of the ether extract 

between 95 % EtOH and petroleum ether 

activity was about equal in the two fractions.) 
Ethanol extract 


Distillate (from concentrating ) 127 
Insoluble oily residue (upon concentration) 93 
Anionic fraction 2524 
Cationic fraction 21 
Neutral fraction 448 
Plant Residue (after ether & ethanol extraction) 29 


Water wash of residue 0 








* Dried ground cotton fruits were extracted and frac- 
tionated according to figure 1. All fractions which con- 
tained radioactivity are shown. Data are relative only 
(not absolute values). 


be attributed to less than quantitative removal of 
dalapon on the anion exchange resin.) Although 
perhaps 85 to 90 % of the radioactivity recovered was 
still represented as dalapon, the following results point 
to the existence of other C'4-containing compounds ; 
therefore a slight amount of metabolic decomposition 
must have occurred within the cotton plant. A: 
Radioactivity was present in the ether soluble fraction. 
This activity resisted removal upon re-solubilizing in 
ether and washing with Na,CO,. This step should 
have removed any organic acids or dalapon, yet no 





Fic. 3D. Flower at lower right in (A & A’) enlarged and rotated 90°. Radioactivity is light against dark 


background in this photograph only. 
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activity was obtained. Upon separation of the ether- 
soluble portion between 95 % ethanol and petroleum 
ether, activity was about equally distributed in the 
two fractions. This fact points to the association of 
small amounts of C'* with both lipids and pigments. 
B: Spot(s) other than dalapon, albeit faint, were 
produced by the neutral fraction. C: The cationic 
fraction showed slight activity. D: <A small amount 
of C'* (approximately 1% of the total recovered) 
was retained by the plant residue, despite exhaustive 
extraction. This agrees with earlier observations fol- 
lowing 6- to 8-day exposures of cotton and sorghum 
to dalapon-2-C1* and -Cl°*, 

Due to the very low radioactivity in the plant 
residues, enzymatic digestion with amylases and pro- 
teinases proved unfruitful. 

Although not presented in detail, the following 
observations on monocotyledons should be included 
in this discussion. Preceding experiments have 
shown conclusively that dalapon, non-metabolized for 
the most part, is accumulated in the seeds as well 
as other fruit parts of cotton, and the capacity to re- 
tard germination may persist through years of storage 
(6,7). No growth regulator symptoms were pro- 
duced that were definitely ascribable to dalapon. It 
is also evident (from other studies) that the char- 
acteristic dalapon symptoms, i.e., the active stimulus, 
may persist over long periods in dormant or quiescent 
organs of grasses. Examples are A: rhizome buds 
of Johnson grass (10), B: seeds of wild oat (1), 
and C: wheat and barley (to be described). In 
these instances, it was not established whether the 
delayed or protracted responses are due to dalapon 
itself or to a biologically active transformation prod- 
uct. In the absence of such information, the fact 
that typical symptoms develop in grasses and not in 
cotton, could lead to interesting speculation (see 
discussion). The actual time interval over which 
dalapon (or the stimulus) persists is probably not too 
significant per se, since it may represent a period 
in which the tissues being sampled are in a relatively 


inactive or dormant state. Furthermore, measuring 
effects of persistence in vegetative tissues may he 
complicated by the reproductive phase (as shown in 
cotton) because fruiting results in reduced vegetative 
growth. With a curtailment of activity in vegetative 
meristems and a concurrent shift in loci of high m 
tabolism to the reproductive structures, dalapon wou 
move into these organs. If, after having accumulate: 
a high concentration of dalapon, the seeds (or buds) 
mature or become dormant and all metabolic activity 
is drastically reduced it is logical that the chemical 
would not be dissipated rapidly, but would be present 
when growth and more active metabolism were re- 
sumed. The following carry-over of the dalapon 
stimulus through the seeds is believed to illustrate 
this phenomenon. At rates as low as 4 lb/acre, ap- 
plied as a pre-plant treatment in the winter (under 
conditions unfavorable either for leaching or break- 
down by micro-organisms), wheat and barley were 
severely inhibited as a result of absorption of dalapon 
through the roots (see Acknowledgments). Figure 
4 shows carry-over of the stimulus through the seeds 
into the second and third generations of wheat. 
Notice that the spikes produced on the first culms 
were most severely affected in the second generation, 
thus indicating that re-translocation (from Ist gen- 
eration seed) and accumulation in the second genera- 
tion was on a first come, first served basis. The 
young developing grains that had first access to the 
re-translocated dalapon (or stimulus) accumulated 
the greatest portion, thereby leaving only small 
amounts to be translocated into succeeding spikes. 
Abnormalities also developed in the third generation 
seedlings grown from spikes of plants which showed 
most severe symptoms in the second generation. 
Some seedlings were simply retarded in growth to 
varying degrees but otherwise appeared normal; 
others grew normal coleoptiles but produced no roots; 
still others produced long roots but no top growth. 
Although it has been experimentally proven only in 
cotton, the carry-over effect through the seeds of both 





Fic. 4. Carry-over effect of characteristic dalapon symptoms in A (left) second generation, and B (right) third 
generation wheat following inhibition of first generation plants by pre-planting application of dalapon at 4 lb/acre. 
Groups of heads in A are arranged left to right in order of occurrence on the same plant. In B the seedling at 
left is normal and others show inhibition or other anomalies. 
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dicotyledons and grasses is presumed to be due, prin- 
cipally, to non-metabolized dalapon. This statement 
should be experimentally confirmed or refuted with 
respect to seeds and dormant or quiescent buds of 
grasses as well. 


MECHANISMS OF DALAPON Toxicity: This sec- 
tion is aimed primarily toward integrating the ex- 


perimental findings (including those of other 
workers) into a discussion of selective dalapon phy- 
totoxicity. 

I. Non-selective versus selective toxicity. Dala- 


pon is capable of producing both an acute (contact) 
burn and delayed systemic growth regulatory re- 
sponses following translocation. The relative degree 
of expression of each type of injury is apparently de- 
pendent upon the concentration of dalapon in the 
cells penetrated and the inherent biochemical suscepti- 
bility to the growth regulating action of dalapon at 
lower concentrations. Wilkinson (32) observed that 
as the rate, concentration, or time of exposure (each 
indicative of levels of dalapon in the tissues) is in- 
creased the sequence of dalapon responses in plants 
is successively formative—toxic—lethal. Lower con- 
centrations are thus required to produce formative 
effects than to cause the death of a single cell, tissue, 
or plant. The two effects intergrade but are separate- 
ly recognizable at the extreme levels of each. Several 
physico-chemical properties of dalapon have been re- 
viewed in relation to their probable contribution to- 
ward phytotoxicity (6). The acute toxic effect is 
believed to be due to the action of the herbicide as 
a strong acid and as a protein precipitant (21.23). 
Membrane destruction undoubtedly accounts for the 
water-soaked appearance of tissues following leak- 
age of the cellular contents, in a manner suggestive 
of oil toxicity. High concentrations of H ions or 
toxic surfactants may also contribute to acute toxicity 
(6). In cotton, acute toxicity has occurred in re- 
gions remote to the site of foliar application as well 
as following root uptake. Presumably the mechanism 
is the same, i.e., transport of amounts non-toxic to 
the tissues traversed, followed by concentration to 
toxic levels in certain other tissues. On cursory ex- 
amination, the end result of this non-selective effect 
(e.g. cupping of leaves, death of terminal buds, and 
malformation of auxillary buds) may be misconstrued 
to be the same growth regulating action seen in sus- 
ceptible species. Irregular growth patterns resulted, 
however, from necrosis in certain areas (e.g., sec- 
tions of the main vascular tissues) and stresses result- 
ing from continued growth in adjacent areas (smaller 
veins and intercoastal regions). The veins were 
normal near the junction of the petiole and lamina; 
therefore substances were still able to traverse the 
affected region. Although the effects described are 
noticeably different from the proliferation of tissues, 
etc., seen in grasses, it should be mentioned again 
that selectivity of action is most frequently not ab- 
solute, but relative. 

II. Selective herbicidal action of dalapon. The 
second response, apparently resulting from lower con- 
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centrations (in meristematic tissues only), appears to 
exemplify true biochemical selectivity among species. 
Acute toxicity can reduce or prevent the expression 
of the systemic growth regulator type of herbicidal 
effect by obstruction ef the translocation process ; this 
response is dependent upon translocation into regions 
of presently or potentially high metabolic activity. 

Initially (6,8), four factors were considered cap- 
able of determining or quantitatively regulating selec- 
tive herbicidal action among species: A: permeability, 
including stomatal and cuticular absorption and pene- 
tration of membranes; B: translocation, including 
restriction enroute, and distributional and accumula- 
tional patterns; C: metabolic decomposition or inac- 
tivation of the herbicide; D: selective biochemical 
interference of the toxicant with normal metabolic 
processes. 

A. Permeability. Initial absorption into leaves 
has been discussed in some detail (6,8). In these 
studies no unexplained differences were noticed in the 
penetrability of susceptible and tolerant species by 
foliar or root applications of dalapon. [Pre-emer- 
gence selectivity, however, may be partially explained 
by differences in permeability of seed coats and the 
penetrating abilities of formulations of 
herbicides (20). ] 

B. Translocation. The principal difference de- 
tected between tolerant and susceptible species was in 
the degree of retention of dalapon along the trans- 
port route. Several workers have attached signifi- 
cance to the apparent restriction of 2,4-D in grass 
leaves in determining species selectivity (see litera- 
ture cited in 6,8). Critical work by Weintraub et al. 
(30) has shown consistently higher amounts of C!4 
(labeled 2,4-D) exported out of treated leaves of 
susceptible plants than tolerant plants. It is reasoned 
that since the exported 2,4-D brings about the mor- 
phological responses on the basis of which plants are 
judged resistant or susceptible, insufficient amounts 
may be exported out of the treated leaves of resistant 
plants to produce a systemic toxic action. Wilkinson 
(32), on the other hand, attempted to use the same 
reasoning, in reverse, to explain the increased toxicity 
of dalapon to grasses following root absorption, by 
trapping dalapon or hindering its movement out of 
the leaves. In the present investigation (6,8) it was 
quantitatively demonstrated that the translocation of 
dalapon (a grass-selective herbicide) is restricted in 
the basal sections of (particularly immature) grass 
leaves in much the same manner as 2,4-D. In at- 
tempting to reconcile these views it must be recog- 
nized that the secondary actions of both 2,4-D and 
dalapon are expressed in the same metabolically ac- 
tive tissues, and it is still the herbicide exported out 
of the mature leaves, principally, which is respon- 
sible for systemic herbicidal action. Retention of 
dalapon in treated leaves would seem to be particular- 
ly disadvantageous (from the standpoint of obtaining 
rapid systemic action) in the case of perennial 
grasses, where transport not only to the shoot apical 
meristem of the treated plant, but into the rhizome 


various 
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buds, is desired. That herbicidal effectiveness is re- 
duced by disking, mowing, and burning [reviewed in 
(6)], all of which remove top growth, suggests the 
slow buildup of dalapon in the rhizomes. Separation 
from the mother plant too soon by either of these 
means removes not only the apical dominance effect, 
but also a large portion of the dalapon which had 
penetrated but not yet reached the rhizome buds in 
toxic concentrations. Accumulation occurs in as- 
sociation with the transport of food materials into 
regions of high metabolic activity. Penetration and 
translocation can also be greatly protracted, providing 
no acute toxicity occurs (8). Accumulation does not 
occur appreciably in dormant or quiescent organs 
(mature seeds, dormant buds, etc)., but dalapon is 
found there after it has moved in during periods of 
active assimilation. Therefore the treated tops, if 
allowed to remain undisturbed, still are able to exert 
an apical dominance effect and continue to serve as 
a reservoir for the release of additional dalapon, 
should high metabolic activity begin or be resumed. 
This is in agreement with the observation (2) that a 
continued exposure to TCA was essential for con- 
tinued dormancy and probably for subsequent death. 
The process described probably accounts for the 
superiority of deep plowing in the field control of 
perennial grasses. Because of its spectacular nature, 
other factors may be involved in the case of recovery 
from dalapon-induced dormancy after burning. Re- 
striction of movement in grass leaves is not likely 
a blockage of herbicide transport, peculiarly, but a 
normal consequence of the compound’s movement into 
these regions of high metabolic activity (assimilate 
utilization) with the flow of food materials and reten- 
tion therein. Thus any of a number of solutes would 
be expected to follow a similar pattern, to a greater 
or lesser degree, depending upon their adsorptive 
properties, solubilities, tendency toward metabolic de- 
composition, etc. 

C. Metabolic decomposition or inactivation of 
dalapon. Dalapon was not rapidly metabolized in 
either tolerant or susceptible plants; therefore this 
possibility would not seem of much importance in 
determining selectivity. In relation to the small 
amount of breakdown which does apparently occur, 
however, several points may be considered. 1: Some 
radioactive species, freely re-translocatable in the 
xylem, were discovered in the guttate from hyda- 
thodes of sorghum following leaf drop treatment with 
dalapon-Cl**, but not with dalapon-2-C!*. 2: Cl%® is 
readily removed metabolically, at least by micro-or- 
ganisms. 3: There was a slight indication of the 
presence of inorganic Cl** on chromotograms of ex- 
tracts from higher plants 6 to 8 days after treatment. 
4: All of these studies employed low tracer levels of 
dalapon, i.e., perhaps subtle metabolic conversions 
would occur more noticeably at higher levels. 5: 
“Propionate inhibits growth by competing with B- 
alanine for attachment within the yeast cell, thereby 
preventing the coupling of the pantothenic acid 
moieties” (15). 6: Pantothenic acid synthesis is one 


of the most sensitive metabolic processes known to b= 
affected by dalapon and related compounds (12). 
The ability of the molecule (propionic acid) to com- 
pete with @-alanine is decreased by successive in- 
creases in chlorination. Conversely, the toxicity of 
dalapon increased (i.e., approached that of propionic 
acid) through aging on the shelf for 3 years (presum- 
ably undergoing decomposition). (The increase in 
inhibitory action upon aging is suggestive of the be- 
havior of oils which form organic acids that are 
highly toxic in the non-dissociated state.) 

From the foregoing observations, it is postulated 
that the delayed growth-regulatory effect manifested 
after translocation into meristematic tissues of high 
metabolic activity, may be correlated with the initial 
steps in decomposition (i.e., de-halogenation) of the 
dalapon molecule. Thus, instead of constituting a 
detoxification mechanism, the first (?) steps of 
dalapon breakdown would tend to increase its poten- 
tialities as a competitive inhibitor in pantothenic acid 
synthesis. After disturbance of the normal function- 
ing of pantothenic acid and coenzyme A, it might 
then be further metabolized by the common or per- 
haps by a modified pathway of propionate oxidation. 
If dalapon-2-C'* were thus degraded, radioactivity 
might logically appear in almost any fraction of com- 
pounds where carbon would normally go. This 
probably occurred for a small percentage of the ap- 
plied dalapon after long exposures (9-10 weeks) in 
cotton. Further investigation is required to establish, 
with certainty, whether this hypothesis has real sig- 
nificance in relation to either mechanisms of action 
or selectivity. That such differences are not obvious 
from herbicidal responses after foliar applications of 
propionate, mono-, di-, and trichloropropionate, does 
not detract from the credibility of the hypothesis. 
Wide differences in penetration and translocation to 
the cellular site of action may exist within the series 
of compounds. Species resistant to TCA commonly 
contain higher amounts of the herbicide in their cell 
sap than susceptible species (2,3, 28) indicating that 
the latter use TCA in their metabolism. That growth 
reduction and morphological responses are correlated 
with metabolism of TCA in the tissues seems perti- 
nent to the present discussion. 

D. Biochemical interference with normal meta- 
bolic processes. Disturbance of energy metabolism 
could logically lead to the observed herbicidal effects 
of growth regulators. All anatomical and morpho- 
logical changes in plants are preceded by biochemical 
changes. As inferred earlier, no clear cut relation- 
ship exists between formative effects and lethality. 
Attempts to explain mechanisms of action of a sub- 
stance which produces formative effects must take 
cognizance of the influence of such compounds upon 
the normal processes of growth and differentiation, 
which are themselves incompletely understood. The 
specific point of attack of a toxicant might be on the 
production of a substrate, on the enzymes which at- 
tack a substrate with the release of energy, and/or 
on the enzymes involved in the utilization of the 
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energy produced. The final toxic result, however, 
may actually be produced by a complex series of se- 
quential and consequential reactions. This may ac- 
count for the fact that the mechanisms(s) of action 
is (are) known for so few compounds, if indeed any 
are known with certainty. 

The most plausible explanation of the mode of 
action of dalapon as a growth regulator seems to re- 
volve around pyruvate metabolism, which occupies a 
key position in relation to other metabolic crossroads. 
Both competitive and non-competitive inhibition of 
enzymatic reactions have been attributed to dalapon, 
and Redemann and Meikle (24) concluded that they 
may occur simultaneously. The first was thought to 
result from competition between pyruvate and dalapon 
for attachment to pyruvate-attacking enxymes, where- 
as the second (which became noticeable at concentra- 
tions of inhibitor of 3.5 x 10~* molar) is probably 
due to its action as a protein precipitant, perhaps pre- 
cipitating the pyruvate-enzyme complex. Based on 
calculations using expected pyruvate concentrations 
in plant tissues, these workers concluded that if such 
an inhibition is not responsible for the herbicidal ac- 
tion of dalapon, it certainly could contribute to the 
stunting effect following translocation. 

Perhaps an equally (or more) important primary 
site of action, still involving pyruvate indirectly, is 
the competitive inhibition of pantothenic acid syn- 
thesis (12). First indications were that dalapon 
competed with 8-alanine, but later results with pure 
enzyme preparations have suggested that competition 
is with pantoic acid rather than @-alanine. In either 
case, the synthesis of pantothenic acid, and therefore 
the production of functional coenzyme A would be 
impaired. Most all the pantothenic acid in animals 
and micro-organisms is reportedly present as CoA, al- 
though it is also found in nature in other combined 
forms such as pantetheine and pantethine. Less is 
known of its activity and occurrence in higher plants, 
however several edible reproductive structures are 
known sources of the vitamin. It is probably syn- 
thesized in the leaves and transported into these stor- 
age organs during periods of rapid development. The 
specific effects of pantothenic acid or CoA upon cell 
differentiation are little known. 

The improper functioning of CoA in plants could 
lead to drastic changes in plant growth and develop- 
ment. For example, some of the important processes 
believed to be mediated by CoA are A: pyruvate 
oxidation, B: citrate synthesis, C: a-keto-glutarate 
oxidation in the citric acid cycle, D: fatty acid and 
steroid synthesis and breakdown, and perhaps E: auxin 
action—auxins may act through an ester with CoA 
(auxinyl CoA). Hence CoA is a key compound in 
plant metabolism and growth through its control of 
the energy in the linking ester bond. Interference of 
dalapon with the citric acid cycle in any way, e.g., by 
competing with pyruvate for enzyme attachment or 
with B-alanine for attachment to the other moiety of 
pantothenic acid could indirectly cause disturbances 
in ancillary processes, such as nitrogen metabolism. 
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(The dark green appearance of dalapon-treated 
plants, delayed maturation, and prolongation of vege- 
tative growth are characteristic of plants having high 
levels of available nitrogen.) 

It is entirely probable that dalapon exhibits more 
than one primary site of action. Note that B- 
alanine yields pyruvic acid on deamination. It is 
possible that dalapon and related compounds (per- 
haps increasingly with decreased chlorination) are 
able to compete with several metabolites that are 
structurally similar, e.g., B-alanine, pantoic acid, 
pyruvic acid—perhaps variably among plant species. 

The low response in roots cannot always be at- 
tributed to a lack of accumulation of dalapon, as was 
shown in this study. It seems unlikely that the prin- 
cipal action is in competition with pyruvate, because 
this substance certainly occurs, albeit fleetingly, in all 
regions of high respiratory activity which would in- 
clude root tips as well as shoot apical meristems. If 
the principal mechanism is the interference with 
pantothetic acid synthesis, one possible explanation 
is that synthesis occurs in the shoots, requiring the 
products of photosynthesis, and if the process should 
be altered the meristematic areas of the shoots, (by 
virtue of their closer proximity) would show the 
deficiency most readily. Abnormalities can occur in 
roots under certain conditions, as shown by the work 
of Grigsby et al. (11). This suggests the indirect. in- 
volvement of light, which is consistent with other ob- 
servations. Also, it seems safe to assume that light 
(and elevated temperatures) may indirectly exert an 
effect by causing an increase in accumulation of 
dalapon in the tops from soil or nutrient solution 
through an increase in transpiration. 

Differences in susceptibility to dalapon among 
species and among tissues of a given plant are seem- 
ingly dependent upon the presence or absence of key 
enzymes or enzyme precursors. Further experi- 
mentation into the mechanisms of herbicidal selectiv 
ity should emphasize biochemical distinctions between 
susceptible and resistant species. 


SuMMARY & CONCLUSIONS 


I. Dalapon-2-C'* and -Cl®® were further em- 
ployed in tracer and metabolic studies on cotton, 
sorghum, and wheat to determine the distributional 
and metabolic fate of the herbicide in relation to phy- 
totoxicity. Radioautography and counting yielded 
both qualitative and quantitative data. Extraction, 
fractionation, and paper chromatographic procedures 
were used to detect dalapon and metabolic degrada- 
tion products. 


II. Pure dalapon-Cl** in aqueous stock solution 
was metabolized over a period of several months in 
the refrigerator by some species of micro-organ- 
ism(s), possibly Alternaria sp., which produced five 
new Cl**-labeled substances. Two of the substances 
were tentatively identified as inorganic Cl** and 
monochloropropionate-Cl*°, Similar conversions are 
probably operative in soils, accounting for the disap- 
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pearance of dalapon toxicity under favorable condi- 
tions. 


III. Ready absorption and translocation of 
dalapon, including redistribution and accumulation 
(e.g., in vegetative meristems, flowers, fruits, & 
seeds) in response to shifts in loci of high metabolic 
activity were confirmed. 


IV. Dalapon was absorbed, translocated, re-dis- 
tributed, and accumulated in higher plants, principal- 
ly as the intact molecule or dissociable salt thereof, 
and remained essentially non-metabolized for long 
periods especially in dormant or quiescent tissues. 


V. Seven days after foliar treatment of cotton 
and sorghum, for example, dalapon, and no other 
prominent radioactive substance, was recoverable 
with water or ethanol from all plant parts and from 
the nutrient solutions in which the plants were grown. 


VI. Ten weeks after treatment (through severed 
petioles) approximately 85 to 90 % was recoverable 
as dalapon from cotton fruits of various ages. The 
remainder of the radioactivity was associated with the 
ether-soluble portion, the neutral and cationic frac- 
tions of an ethanol extract, and the insoluble plant 
residue. 


VII. Some slow metabolic decomposition resulted 
in the release of Cl** (from dalapon-Cl**) or the in- 
corporation of C!4 (from dalapon-2-C'*) into other 
compounds. Eventual breakdown possibly involves 
an initial dehalogenation followed by normal or 
modified propionate oxidation. 


VIII. Dalapon stimulus was traced to the third 
generation in wheat; it was transmitted in the seeds 
after exposure of first generation seedlings to pre- 
plant applications of dalapon (4 Ib/acre) in the field. 


IX. Two physiologically distinct types of action 
(acute toxicity and delayed growth regulatory re- 
sponses) were confirmed. The former is believed 
to be due to the action of the herbicide as a fairly 
strong acid and protein precipitant, which non-selec- 
tively causes disruption of the plasma membranes and 
destruction of cellular constituents. The second re- 
sponse resulting from lower concentrations in meri- 
stematic tissues exemplifies true biochemical selec- 
tivity among species. 


X. Experiments indicated that neither pene- 
trability, translocatability, nor metabolic inactivation 
of dalapon is preeminently responsible for herbicidal 
specificity. The key to the moderately selective 
growth regulating activity of dalapon still seems un- 
questionably to reside in the protoplasm. Results are 


not at variance with hypotheses that dalapon inhibits 
pantothenic acid synthesis and disturbs coenzyme A 
and pyruvate metabolism. 
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SELECTIVE ABSORPTION OF IRON FROM IRON CHELATES 
BY SOYBEAN PLANTS? 
LEE O. TIFFIN & J. C. BROWN 
MINERAL NUTRITION LABORATORY, Sor. & WaTER CONSERVATION RESEARCH DIVISION, 
AGRICULTURAL RESEARCH SERVICE, 
BELTSVILLE, MARYLAND 


The earlier work of Wallace et al. (7,8) indicated 
that iron and chelating agent were absorbed by plants 
in approximately equivalent quantities. Later studies 
(9) include data which suggest non-equivalent uptake 
of chelate components. 

Several reports from this laboratory (1,6) have 
placed emphasis on the capacity of plant roots to 
absorb iron from chelate and to exclude the chelating 
agent. Most of this work was done with the ferric 
chelate of ethylenediamine di(o-hydroxyphenylacetic 
acid) (FeEDDHA) and with plants that were chlor- 
otic when treated. The present report includes stud- 
ies with green plants and two additional chelates. 
The use of Fe®® and C'* labeled chelates provided a 
sensitive means of assay for the chelates and also 
permitted their application at relatively low rates 
in order to prevent root injury (3). 


MATERIALS & METHODS 


The standard nutrient was an iron-free modified 
Steinberg solution (5) adjusted to pH 6.5. A liter 
of the nutrient contained 150 mg Ca(NO,).-4H.O; 
35 mg Mg(NO,).6H.O; 9 mg NH,NO,:; 12 mg 
K,SO,; 32 mg KNO,; 2.8 mg K,HPO,; 0.7 mg 
(NH,).SO,; 0.234 mg MnCl,4H,O; 0.204 mg 
H,BO,; 0.088 mg ZnSO,7H.O; 0.02 mg CuSO, 
5H.O, and 0.012 mg Na,MoO, - 2H,O. 

Seeds of Hawkeye soybean (Glycine max (L.) 
Merr.) were germinated between layers of moist 
muslin on stainless steel wire frames in pyrex trays. 
The muslin extended over the edges of the frames 
into water maintained at one-fourth inch below the 
seeds. The trays were covered with aluminum foil 
and kept at 21 C for 3 days. Seedlings were then 
placed in perforated black lucite frames with their 
roots extending into standard nutrient. After 3 days 
of partial shading in these frames the hypocotyls 
were approximately 15 cm long. Uniform seedlings 
were then bound in groups of 30 and transferred, 
one group per jar, to 8 liters of standard nutrient. 
Illumination at 1,500 ft-c was provided 16 hours 
each day by fluorescent and incandescent lamps. 
The chlorosis of plants grown in the iron-deficient 


1 Received Feb. 4, 1961. 
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medium was first visible on the 12th day after germi- 
nation and quite pronounced on the 18th day. Green 
plants were obtained by growth from the 6th to 18th 
day in standard nutrient containing 1.1 x 1075™ 
FeEDDHA. 

For collection of exudate the roots of the plants 
were rinsed and the groups placed individually in 1 
liter of aerated nutrient containing chelates given in 
later treatment designations. The beakers of nutrient 
were covered with polyethylene film to prevent ex- 
cessive evaporation and to hold the plant stems in 
place. The stems were cut off about one centimeter 
below the cotyledons, bent down, and fastened with 
the cut ends extending into centrifuge tubes for col- 
lecting exudate. Collecting assemblies were covered 
with bell jars and kept in darkness at 21 C. 

Three chelating agents were used: ethylenedi- 
aminetetraacetic acid (EDTA); diethylenetriamine- 
pentaacetic acid (DTPA); and _ ethylenediamine 
di(o-hydroxyphenylacetic acid) (EDDHA). These 
agents were combined with equivalent iron to give 
the following chelate treatments: Fe*®=EDTA, 
FeDTPA, FeEDDHA, FeC4#EDTA, FeC*- 
DTPA, and FeC'*EDDHA. Each chelate was used 
at a concentration of 2.2 x 10~°™M in the standard 
nutrient adjusted to pH 6.5. Assays of the nutrient 
solutions (before containing plants) gave 251 cps 
ug Fe, 49 cps/ug C'14EDTA, 36 cps/ug C!*DTPA, 
and 40 cps/ug C'*EDDHA. All assays of nutrient 
solutions and stem exudate were made by drying 
aliquots directly on planchets and counting in a pro- 
portional counter. 

Electrophoresis was carried out on Whatman 
3MM paper, using 0.05 m barbital buffer, pH 8.6 
(4). Distribution of radioactivity on electrophero- 
grams of nutrients and exudates was determined by 
exposures to no-screen x-ray film. Intact plants 
were pressed between sheets of botanical drying paper 
and dried in a forced draft oven at 70C before ex- 
posures to x-ray film. 

To compare quantities of isotopes absorbed, exud- 
ate was collected from groups of soybean plants pre- 
cultured without iron and subsequently treated with 
Fe®® or C'* labeled chelates. Assays of radioactivity 
in samples of nutrient were taken before and after 
the absorption period of 22 hours. Exudate collected 
after 22 hours was sampled for counting and electro- 
phoresis. A similar experiment was carried out with 
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TABLE [ 


CoMPARATIVE ASsSAys OF NUTRIENT & OF EXUDATE 
From CHLoROoTIC SOYBEAN PLANTS TREATED 
WitH LABELED CHELATES 











Assay OF NUTRIENT ASSAY 
: i —————$$_<__—__— OF 
TREATMENT Berore*, AFTER**, =EXUDATE, 

cps/ml cps/ml cps/ml 
Fe55 EDTA 314 116 10,750 
Fe55 DTPA 312 52 10,980 
Fe55 EDDHA 322 99 8,370 
FeCi4 EDTA 318 321 9 
FeC!4 DTPA 307 311 5 
FeC!* EDDHA 314 313 5 





* Before plants were placed in the nutrient. 
** After containing plants 22 hr. 


green plants using the same nutrients and sampling 
procedures. 

A related experiment was designed to compare 
the levels of isotopes accumulated by intact plants 
precultured with and without iron. For the period 
of isotope absorption plants were grown under 7 
hours light, 8 dark, and 7 light, for a total of 22 
hours in nutrient containing Fe®> or C'* labeled 
EDDHA. Four green plants were placed in 1 liter 
of Fe®® nutrient and four green plants were placed 
in a liter of C'* nutrient. Fe®® and C'* treatments 
were also used for chlorotic plants. The plants from 
each of the four treatments was harvested as repli- 
cates and exposed to X-ray film for 20 days. 


Resutts & DIscUSSION 


A comparison between Fe®® and C'* absorbed by 
chlorotic soybean plants is given in table I. The 
absorption of large amounts of iron resulted in de- 
creased nutrient counts and very high exudate counts. 
In sharp contrast to changes in Fe®, the C'4 counts 
for the nutrient were not significantly different after 
the absorption period, and very little C'* was absorbed 
by the root and translocated in the exudate. 

Assays of nutrient and exudate following the 
chelate treatments of green soybean plants are given 
in table II. Although green plants absorbed much 
less iron than the chlorotic plants, the quantities of 
Fe®® and C'4 in the exudate of the green plants were 
still very different. 

The electrophoretic patterns of labeled nutrients 
are shown in figure 1. Paths 1, 2, and 3 show radio- 
iron spotted initially at the origins as the Fe®* chelates 
of EDTA, DTPA, and EDDHA, respectively. The 
darkened areas of paths 4, 5, and 6 show the move- 
ment of C' label for the same chelating agents. The 
iron chelate FeEDTA moved intact as an anion to 
10.5 cm as shown by both labels). FeEDDHA also 
moved intact to 4.5 cm. Apparently the C!* DTPA 
moved to about 13 cm, with some tailing from 9 cm. 
The Fe®® pattern (path 2) shows that iron is separ- 
ated from DTPA in the electrophoretic process. 
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Fic. 1. Radioautograph showing electrophoretic pat- 
terns of Fe55 and C14 labeled chelates. Paths 1, 2, and 3 
show Fe*5 labels initially applied as the iron chelates of 
EDTA, DTPA, and EDDHA, respectively. Paths 4, 5, 
and 6 show the C!* label for the same chelates. 


The results from the electrophoresis of labeled 
exudate (see assays, table 1) are shown in figure 2. 
The radioautograph of the Fe®® (paths 1, 2,3) rep- 
resents an exposure of 8 hours. Although some trail- 


30M 
a 





(—) 


14 3 7 iN iy 48 
«ree : 
e bes Bk 
i ‘ 
ae hou. vy 


Fic. 2. Radioautograph showing electrophoretic pat- 
terns of Fe®5 and C4 labeled soybean stem exudates. 
Paths 1, 2, and 3 show Fe®5 in exudate from plants with 
roots in Fe®> EDTA, Fe55 DTPA, and Fe55 EDDHA, 
respectively. Paths 4, 5, and 6 show C'4 in exudate from 
plants treated with the same agents labeled with C*4. 
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Fic. 3 Radioautographs of intact soybean plants showing distribution of isotopes from labeled chelate. The 
chlorotic plant (upper, left) and green plant (upper, right) show Fe*5. The chlorotic plant (lower, left) and green 


plant (lower, right) show C!4. 


The isotopes were supplied as Fe®® or C'* labeled EDDHA. 
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ing is evident, a considerable amount of iron is 
bound to a component(s) which moves between 6 
and 9cm. The C! patterns (paths 4, 5,6) represent 
an exposure of 90 days. The very small amounts of 
C'+ do not appear to move electrophoretically as the 
intact chelating agents but stream out to about ten 
centimeters. 

Radioautographs of green and chlorotic plants 
placed 22 hours in labeled FeEDDHA are shown in 
figure 3. The intact chlorotic plant (upper, left) 
shows accumulation of much more iron than the green 
plant (top, right). The chlorotic plant (lower, left) 
and the green plant (lower, right) accumulated about 
the same amount of C'4, These results confirm the 
exudate data for chlorotic plants, showing a great 
difference in quantity of isotopes absorbed. It is 
further shown that most of the Fe®® can be absorbed 
independently of C14, 

The comparison of C!4 counts in exudate (tables 
I & IT) shows that decapitated green and chlorotic 
plants absorb about the same amount of C' from 
solutions containing EDTA, DTPA, and EDDHA. 
The variable supply of iron in the preculture period 
appears to have little effect on the subsequent ab- 
sorption of the C'* label. 

In regard to the absorption of iron the plant re- 
sponse was very different. Iron in the exudate of 
chlorotic plants (table I) ranged from 128 to 244 
times higher than iron in the exudate of green plants 
(table II). In contrast to the data for C'*, the pre- 
culture iron supply had a very pronounced effect on 
the subsequent absorption of iron by the soybean 
plant. 


TABLE II 
CoMPARATIVE ASSAYS OF NUTRIENT & OF EXUDATE 
From GREEN SOYBEAN PLANTS TREATED WITH 
LABELED CHELATES 








Assay oF NUTRIENT Assay 

. : OF 
TREATMENT BEFORE*, AFTER**, =EXUDATE, 

cps/ml cps/ml cps/ml 
Fe’ EDTA 295 254 46 
Fe} DTPA 308 276 82 
Fe} EDDHA 299 237 65 
FeC14 EDTA 321 317 7 
FeC14 DTPA 316 308 4 
FeC'14 EDDHA 320 305 8 


* Before plants were placed in the nutrient. 
** After containing plants 22 hr. 


From these observations it is clear that the ratio 
of Fe®5/C!4 taken up by the plants was influenced by 
the availability of iron in the preculture period. 
Taken as an average for the three chelating agents 
the Fe®5/C!4 ratio in the exudate gave a value of 10 
for the green plants (table IT) and 1,590 for the 
chlorotic plants (table I). These ratios emphasize 


the importance of careful control of factors relating 
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to iron supply previous to iron-chelate applications. 
Especially would this be necessary if valid compari- 
sons were to be made with other experiments. 

The reference to the uptake of C'* label has been 
deliberate, since it is not known that the C'* in the 
radioautographs or plant exudate represents intact 
molecules of the chelating agents. In previous ex- 
periments (6) a faint red color was observed in the 
stem exudates of sutiflower and soybean plants when 
their roots were placed in FeEDDHA concentrations 
ranging above 200 ppm. The red color was also ob- 
served when Fe was added in vitro to exudate from 
plants with roots in high concentrations of the chelat- 
ing agent, EDDHA. From this it was concluded that 
the experimental plants absorbed small amounts of 
EDDHA or some metal chelate of EDDHA. 

In experiments reported here the FEEDDHA was 
used at low levels, approximately eight parts per mil- 
lion. Thus it was not possible to see the chelate color 
or to measure spectrophotometrically the quantity of 
chelate in the plant exudate. 

From the fact that small amounts of chelate can 
be found in soybean exudate following high 
FeEDDHA treatments (6), it is possible that the 
darkened area barely visible at about 5 cm (path 6, 
fig. 2) represents intact EDDHA. It is also possi- 
ble that EDTA is autographed at about ten centi- 
meters (path 4, fig 2). However, this is not cer- 
tain, and it is perhaps more significant that a greater 
part of the C'* (fig 2) moved at rates different from 
those of the intact chelating agents shown in figure 1. 

There is the possibility that the C'* patterns in 
figure 2 represent new components which contain the 
label of the original chelating agents. If such is the 
case, then the breakdown of the chelators would be 
taking place at or in the roots. This would also sug- 
gest that the C'‘ in the intact plants (fig 3) may rep- 
resent at least in part the breakdown products of 
EDDHA. 

It was shown in a previous study (6) that radio- 
iron added in vitro was bound by exudate from plants 
which were grown at zero levels of the chelate. This 
binding of iron was attributed to natural chelators 
present in the conductive tissue of the plants. The 
agents responsible for the binding and transport of 
iron have not been identified. 

Recent unpublished data indicate that the quan- 
tities of iron bound in vitro by exudate from chlorot- 
ic and green plants are about the same, while the 
quantities of iron absorbed through the roots are 
very different. From this it appears that the low 
levels of root-absorbed iron in the exudate of green 
plants should not be attributed to a shortage of trans- 
porting agents in the exudate but to the control of 
absorption at the root. 

The conditioning that takes place in soybean roots 
grown under deficient iron conditions is not known. 
It is known, however, that as the soybean plant be- 
comes more chlorotic it has a greater capacity to 
absorb iron (1). It has also been shown that the 
chlorotic plant has a greater capacity than the green 
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plant to reduce ferric iron at the root (2). This was 
demonstrated by the formation of Prussian blue on 
roots placed in ferricyanide-ferrichloride solutions. 
Associated with the greater reductive capacity of the 
roots was a greatly increased rate of transport and 
accumulation of iron in the leaves of the chlorotic 
plants (2). 

How closely a mechanism of absorption may be 
coupled to iron translocation in the soybean plant is 
not known. For example, it may be asked whether 
iron is separated from chelate at some specific locus 
in the root cells where it is immediately transferred 
to carriers in the exudate or whether iron passes 
through several intermediate forms before it is bound 
to the exudate components. A further problem has 
to do with the specific effects of a plant’s precondi- 
tioning or nutrient history on the particular agents 
and mechanisms involved in the absorption and trans- 
location of iron. These are but a few of the many 
questions that remain to be answered concerning the 
metabolism of iron in the soybean plant. 


SUMMARY 


The relative uptake of metal chelate components 
was tested by adding labeled chelates to nutrients 
containing chlorotic or green soybean plants. Exu- 
date containing either C'* or Fe®® label was collected 
from the cut stems for counting and electrophoresis ; 
radioautographs were made of intact, treated plants. 
Results and conclusions are as follows: 


I. The exudate of chlorotic plants was very high 
in Fe®> and very low in C14; the average assay per 
milliliter gave the ratio cps Fe®>: cps C!* = 10,033: 
6. 


II. The exudate of green plants was relatively low 
in Fe*> and very low in C'*; the average assay per 
milliliter gave the ratio cps Fe™®: cps C't = 64: 6. 

III. The ratio of Fe®5/C** found in the exudate 
was greatly influenced by the availability of Fe in the 
preculture period. 


IV. Fe®® is bound to exudate components which 
move toward the anode. Electrophoretic evidence 
suggests that most of the C4 in the exudate is not 
present as the intact chelating agents supplied to the 
roots. 


V. Chlorotic intact plants accumulated much more 
Fe®® than the green plants, but chlorotic and green 
plants accumulated about the same amounts of C'! 
suggesting the non-dependence of the absorption- 
translocation rates for these isotopes. 


VI. The synthetic chelating agents delivered Fe to 
the roots; very little emphasis is placed on their roie 
in the translocation of iron within the soybean plants. 
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News & NOoTEs 


MIDWESTERN SEcTION. The Midwestern Section 
the American Society of Plant Physiologists held 
its annual meeting June 12 and 13 at the Ohio State 
University. Approximately 75 persons attended. 
On Monday and Tuesday mornings, 19 short research 
reports were presented. A symposium on_ plant 
metabolism included four talks on Monday afternoon 
and two on Tuesday morning. The speakers and 
titles of their talks were: A. A. Benson, “Function 
and Metabolism of Surfactant Lipids in Plants’; 
H. Beevers, “Conversion of Fat to Sugar in Germi- 
nating Seedlings”; L. G. Wilson, “Sulfate and Re- 
duction in Plants”; R. S. Burris, “Current Work on 
Cell-Free Nitrogen Fixation”; G. C. Webster, “Pro- 
tein Synthesis”, and J. E. Varner, “Biochemistry of 
Senescence”. 

On Monday evening the group dined at the 
Olentangy Inn and enjoyed a discussion of ‘“Environ- 
mental Engineering for Man’s Space Flight’, by Dr. 
Fred A. Hitchcock of the Ohio State University 
Laboratory of Aviation Physiology. A. S. Sussman 
presided at a short business meeting held in the ban- 
quet room. At this meeting, Dr. Sussman announced 
that the meeting next year will be held at Marquette 
University. Officers elected for the coming year are: 
chairman, John Hanson; vice-chairman, Carlos Mil- 
ler ; secretary-treasurer, Walter Rosen; and represent- 
ative to the executive committee of the national 
society, A. S. Sussman (term to expire at the end of 


1962). 


= 


ot 


—Carlos Miller, Secretary, 
Midwestern Section. 


AIBS Styte Manuat. The Style Manual for 
Biolcgical Journals prepared by the Committee on 
Form and Style of the Conference of Biological Edi- 
tors is now in its second printing. This manual was 
designed especially for biologists preparing manu- 
scripts for journal publication. Editorial boards of 78 
biological journals have adopted the manual in whole 
or in part. PLANT PHYSIOLOGY is one of these 
adoptors and it would be a welcome improvement if 
all authors submitting to our journal would take ad- 
vantage of the advice, instructions, and information 
contained in this manual. For orders, please write not 
to PLANT PHYSIOLOGY but rather to: 


Subscriptions 

American Institute of Biological Sciences 
2000 P Street Nw 

Washington 6, D.C. 
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SYMBOLS & 


ABBREVIATIONS 





COMMONLY USED IN PLANT PHYSIOLOGY 


GENERAL RULES FOR ABBREVIATIONS 





Spell Out 


& Words in title & summary (except common chemical symbols 


& exceptions noted below) 


& Words & numerals which begin a sentence 


®& Units of time (except in tables & parentheses) : 30 mg, but 50 seconds 


Abbreviate 


®& In parentheses & tables (where possible) : (fig +), (dry wt) 


®& Units of measurement in text (only when preceded by numeral) 

















SyMBoLs & ABBREVIATIONS* 





about (circa) 

absolute 

absorbancy 

adenosine diphosphate 
adenosine triphosphate 
and 


and others (et alii) 
Angstrom unit(s) (10~§ em) 
approximate 

aqueous 

atmosphere(s) 

average 


Ca. 

abs 

A 

ADP 

ATP 

& (in parentheses, tables, 
titles ) 

et al. 

A (not A) 

approx (in tables) 

aq 

atm 

avg (in tables) 





* Abbreviations (with a few exceptions) follow the “Style Manual for Biological Journals, 
Institute of Biological Sciences (Library of Congress Catalog No. 60-15133). 
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SymBots & ABBREVIATIONS 


Continued from page 717 
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centimeter (s) 

coenzyme A (& its acyl 
derivatives ) 

concentration 

configuration 


counts per minute 
cubic centimeter (s) 
curie(s) 


degree(s), centigrade 
deoxyribonucleic acid 
diameter 

diphosphopyridine nucleotide 
disintegrations per second 
dry weight 


figure 
-fold 


foot candle(s) 
fresh weight 


gram(s) 
gravity 


hour(s) 


. indoleacetic acid 


kilogram (s) 


least significant difference 
liter (s) 


maximum, maximal 

meter 

microgram (s) 

microliter (s) 

micromolar(s) (unit of conc) 
micromole(s) (unit of mass) 
milliequivalent(s) 
milligram (s) 

milliliter (s) 





eoeoeeeer ee ee eee ee eeeeeseeseseees 





cm 


CoA 


cone (in tables) 

D-, L-, DL-, [but d-, l-, dl- 
or (+)- & (—)-] 

cpm 

cc (or cm?) 

Cc 


C (omit degree symbol) 
DNA 

diam (in tables) 

DPN 

dps 

dry wt (in tables) 


fig (in parentheses & 
tables ) 

threefold, manifold, 
but 12-fold 

ft-c 

fr wt (in tables) 


g 
g 


hr (in tables & paren- 
theses ) 


IAA 
kg 


LSD 

1 (only in tabular matter 
because the abbrevia- 
tion is easily confused 
with the figure “1’’) 


max (in tables) 
m 

ug 

ul 

uM 

umole 

meq 

mg 


ml 





— (Contimied on next page) 
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SympBots & ABBREVIATIONS 


Continued from page 718 








M cont. ... millimicron(s) 
millimolar (unit of conc) 
millimole(s) (unit of mass) 
minimum, minimal 
minute(s) 


molar (mole/liter) 
mole(s) (a gram molecule) 


N-O ..... normal (conc) 
normal (in trivial names 
in organic compounds ) 
number 


) cee tee ere: page 
part(s) per million 
per cent 


precipitate 


Bey cisca Seas aes revolutions per minute 
ribonucleic acid 


Oe oe lee second(s) 
species 
square centimeter (s) 
standard deviation 
standard error 


WU ceeds temperature 
time measurements 


triphosphopyridine 
nucleotide 


: | Se Werner variety(ies) (in taxonomy) 


versus 

volt (s) 

volume(s) 
volume/volume (conc) 


W-Ze...:- watt(s) 
weight 
weight/volume (conc) 





mu 

mM 

mmole 

min (in tables) 

min (in tables & 
parentheses only) 

M 

mole 


N 
n- 


No. 


p (plural—pp) 

ppm (not p. p. m.) 

% (with numeral & in 
tables ) 

ppt (in tables) 


rpm 
RNA ‘ 


sec (in tables only) 

sp. (when part of bionomial) 
cm? 

sD 

SE 


temp (in tables) 
(abbreviate in tables & 

parentheses only) 
TPN 


var. (when used with the 
binomial ) 

vs. 

¥ 

vol (in tables) 

v/v 














